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ABSTRACT

The persistent environmental challenge of
non-biodegradable, petroleum-derived
plastics  necessitates  development  of
renewable,  biodegradable  alternatives
aligned with circular economy principles.
This  work  presents  comprehensive
laboratory and conceptual industrial-scale
development of starch-based bioplastics
using potato as feedstock. Potato starch was
extracted via water-based methodology,
yielding approximately 8-12% starch on
fresh mass basis. Starch was subsequently
converted into thermoplastic films through
acid-assisted gelatinization and glycerol
plasticization at concentrations ranging from
40-100% (v/v). Resulting films exhibited
tensile strength of 1.14 = 0.15 MPa,
elongation at break of 18.8 = 5.2%, and
Young's modulus values near 3.4 N-mm™>
for optimized formulations, rendering them
suitable for flexible packaging applications.
Films demonstrated non-solubility in
rapid
biodegradation under soil burial conditions,
with substantial mass loss and structural

ambient-temperature  water and

disintegration within approximately 15 days.
A conceptual 10 t-day! industrial plant
design  incorporating
processing and extrusion
yielded material balance

standard  starch
technologies
analysis and

preliminary economic assessment. Raw
material costs for bioplastic production were
estimated at approximately 1.85 Indian

Rupees per 11 cm x 11 cm film unit,
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suggesting economic competitiveness with
conventional plastic alternatives in selected
market segments. Incorporation of potato-
starch bioplastics into sustainable packaging
systems represents a viable pathway for
reducing petrochemical dependency, landfill
burden, and persistent
pollution while creating value-added
products from agricultural feedstocks.

Keywords: bioplastics, starch-based
polymers, potato starch, biodegradability,
sustainable packaging, thermoplastic film,
green polymer, circular bioeconomy, process

environmental

scale-up
1. INTRODUCTION
1.1 Global Plastic Crisis and

Environmental Context

Synthetic polymers, primarily derived from
fuel feedstocks,
ubiquitous in contemporary society, with
annual global plastic production exceeding

fossil have become

400 million tonnes and continuing
exponential growth trajectories[1]. The
convenience,  versatility, and  cost-

effectiveness of petroleum-based plastics
(polyethylene, polypropylene, polyethylene
terephthalate) have resulted their
dominance across packaging, construction,

n

textiles, automotive, and consumer goods
sectors. However, this pervasive utilization
has generated an unprecedented
environmental crisis: approximately 8
million tonnes of plastic waste enter marine

ecosystems annually, persisting for centuries
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due to extreme recalcitrance to biological
and photodegradation[2].

The consequences of plastic accumulation
extend far beyond aesthetic degradation of
natural  environments.  Microplastics—
fragmented plastic particles <5 mm in
dimension—have been detected in human
blood, pulmonary tissue, and placental
tissue, raising critical questions regarding
long-term  health impacts of chronic
exposure[3]. Conventional waste
management  pathways  offer limited
resolution: landfilling represents temporary
sequestration rather than solution, while
generates atmospheric
pollutants including dioxins and furans with
persistent toxicity. The Supreme Court of
India has formally recognized plastic

incineration

pollution as an existential threat comparable
in severity to nuclear weapons, catalyzing
urgent policy responses and research
investments in alternative materials[4].

1.2 Bioplastics as Sustainability Strategy
Bioplastics—defined as polymeric materials
that are biobased (derived from renewable
biological sources), biodegradable
(decomposable by environmental
microorganisms), or both—represent a
strategic technological response to the
plastic crisis. Global bioplastic production
capacity has expanded from approximately 1
million tonnes in 2010 to over 12 million
tonnes by 2023, though this remains <5% of
total polymer production[5]. The
biodegradable segment, while emerging,
exhibits stronger growth trajectories as
regulatory  restrictions on  single-use
conventional plastics drive innovation and
market adoption.

Bioplastics offer multiple environmental
advantages: (1) reduced life-cycle carbon
emissions through displacement of fossil
fuel consumption; (2) compatibility with
composting and  biological recycling
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infrastructure; (3) potential for agricultural
integration, creating revenue streams for
farming communities; and (4) reduced
accumulation in natural environments due to
properties[6].
current commercial bioplastics (polylactic
acid, polyhydroxyalkanoates, polybutylene
adipate  terephthalate) remain capital-
intensive, requiring specialized fermentation
infrastructure or petrochemical precursor
processing, rendering them economically
inaccessible to developing nations and
resource-limited contexts.

1.3 Starch as Renewable Polymer
Feedstock

biodegradable However,

Starch, a biopolymer consisting
predominantly of two glucose
homopolymers—amylose (linear chains) and
amylopectin  (branched  architecture)—

emerges as an exceptionally attractive
alternative  feedstock for decentralized
bioplastic production. Key advantages
include:

Abundance and Renewability: Starch is
the predominant energy reserve in plants,
accumulating in seeds, tubers, and grains at
substantial concentrations. Global annual
starch production exceeds 60 million tonnes
from diverse botanical sources (maize,
potatoes, wheat, cassava, rice), ensuring
long-term supply sustainability[7].
Accessibility and Cost: Unlike
fermentation-dependent bioplastics requiring
specialized microbiological infrastructure,
starch can be extracted using straightforward
mechanical and chemical unit operations
(grinding, sedimentation, drying) accessible
to small-to-medium  enterprises in
developing regions. Starch costs typically
range from $0.30-0.80 per kilogram,
substantially lower than petroleum-derived
polymer precursors[§].

Agricultural Integration: Starch extraction
aligns with existing agricultural value
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chains, enabling co-product generation and
creating economic incentives for farmers.
Extraction residues (pulp, peels, wastewater)
can be valorized through composting, animal
feed production, or bioethanol fermentation,

supporting circular bioeconomy
development.
Structural Versatility: The

amylose/amylopectin ratio varies across
botanical sources, enabling modulation of
thermoplastic properties through feedstock
selection. Amylose-rich starches tend to
form ordered, stronger films, while
amylopectin dominance contributes
branching and flexibility. Plasticizer addition
(polyols such as glycerol) further expands
the property space, allowing tailoring of
films from rigid to highly flexible[9].

1.4 Potato Starch Selection Rationale
Potato (Solanum tuberosum) emerges as an
particularly promising starch source for
regional bioplastic production in Asian
agricultural systems. Potatoes are cultivated
across diverse climatic zones, with global
production exceeding 370 million tonnes
annually[10]. India ranks third globally in
potato cultivation with production exceeding
45 million tonnes annually, establishing
robust agricultural infrastructure and supply
chains[11]. Potato starch exhibits favorable
composition for film formation: high
amylopectin content (70-75%) promoting
flexibility, and phosphate ester substitution
(approximately  0.05-0.1%  phosphorus)
enhancing enzymatic degradation compared
with cereal starches. Processing residues
(peels, pulp) are voluminous and currently
underutilized,  representing  substantial
valorization opportunity.

1.5 Research Gap and Study Objectives
While extensive literature documents starch-
based film synthesis across diverse botanical
sources, critical gaps remain regarding: (1)
process characterization at scales bridging
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laboratory studies and industrial
implementation; (2) systematic economic
analysis integrating feedstock, processing,
and market factors; (3) comprehensive
material property documentation enabling
engineering design of bioplastic
components; and 4) life-cycle
environmental impact quantification across
production  pathways and end-of-life
scenarios. The present work addresses these
gaps through integrated approach combining
laboratory-scale synthesis, characterization,
and pilot-scale process design.

Primary Objectives:

1. Extract starch from potatoes using
water-based  methodology  and
characterize yield, purity, and
composition

2. Formulate starch-glycerol films at
varied plasticizer concentrations and
identify optimal composition

3. Characterize mechanical, thermal,
and biodegradability properties of
formulated bioplastics

4. Develop conceptual 10 t-day’
industrial plant design with material
balance and cost analysis

5. Evaluate economic competitiveness
relative to  conventional and
alternative bioplastic systems

2. MATERIALS AND METHODS

2.1 Raw Materials and Reagents

Starch Source: Commercial table potatoes
(approximately 1 kg per laboratory batch)
were procured from local retail markets.
Potatoes were selected based on uniform
tuber size (approximately 150-200 g
individual mass) and absence of visible
defects or  sprouting, representing
commodity-grade material suitable for
industrial feedstock.

Extraction Chemicals: Distilled water
served as the primary extraction medium.
Hydrochloric acid (HCl, 37.5% w/w,
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analytical grade) and sodium hydroxide
(NaOH, analytical grade) were used to
prepare 0.1 N standard solutions for
controlled hydrolysis and acid-base titration
calibrations.

Plasticizer: Glycerol (propan-1,2,3-triol,
analytical grade, density approximately 1.26
g-cm) was employed as the thermoplastic
polymer matrix modifier at target
concentrations of 40%, 60%, 80%, and
100% (v/v) in distilled water.

Industrial Additives (Conceptual Design):
Sodium metabisulphite (Na:S:0s) was
incorporated in plant-scale conceptual design
as antioxidant to limit enzymatic browning
during bulk starch  extraction and
intermediate storage. Polylactic acid (PLA)
was identified as potential polymer blend
component for enhanced mechanical
properties at proposed 70:30 starch:PLA
mass ratio.

2.2 Laboratory
Apparatus
Extraction and Processing: Hot plate

Equipment and

heater (maximum 600°C surface
temperature), magnetic stirrer with variable
speed control, analytical balance (+0.01 g
accuracy), 500 mL and 50 mL beakers,
1,000 mL measuring cylinder, muslin cloth
(75-100 pum mesh size) for slurry filtration.
Film Preparation: Glass plates (25 cm x 20
cm), Petri dishes (diameter 10 cm), watch
glasses for thermal testing, micrometers for
thickness  measurement  (+£0.01 —mm
precision).

Mechanical Characterization: Universal
Testing Machine (UTM) equipped with load
cells (05 kN range), programmable
crosshead speed (0.5-10 mm-min™'), and
software for stress-strain curve acquisition
and tensile property calculation.

Thermal Analysis: Hot plate heater for
preliminary thermal stability assessment;
referenced Simultaneous Thermal Analyzer
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(SDT  Q600, Differential Scanning
Calorimetry/Thermogravimetric ~ Analysis
capability) where available for

comprehensive thermal profiling.
Characterization: Soil containers (8 cm
depth) for biodegradation testing, analytical
sieves (53—2000 pm mesh sizes) for particle
size analysis.

2.3 Solution Preparation Protocols

0.1 N Hydrochloric Acid: Approximately
0.88 mL concentrated HCl (37.5% w/w,
density 1.19 g-cm™) was carefully measured
and diluted with distilled water to a final
volume of 100 mL under magnetic stirring,
performed in a fume hood to contain
hydrogen chloride vapors. Solution was
standardized via acid-base titration against
sodium carbonate standard.

0.1 N Sodium Hydroxide: NaOH pellets
(0.4 g) were dissolved in distilled water to
obtain 100 mL of solution, then standardized
against potassium hydrogen phthalate (KHP)
standard via  potentiometric titration.
Solution was stored in sealed containers to
prevent atmospheric CO: absorption and
carbonation.

Glycerol Solutions:  Target glycerol
concentrations (40—100% v/v) were prepared
by precise volumetric mixing of glycerol
with distilled water. For example, 40%
glycerol solution comprised 40 mL glycerol
+ 60 mL distilled water to 100 mL final
volume.

2.4 Potato Starch Extraction Protocol
2.4.1 Preliminary Processing: Weighing,
Washing, and Contamination Removal
Approximately 1.0 kg of raw potatoes were
weighed (1 g precision) to establish
baseline tuber mass. Potatoes were subjected
to thorough washing under cold running
water, using a soft brush to mechanically
remove adhering soil, stones, and organic
matter. The mass differential before and
after washing (typically 5-8 g per 1 kg
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tubers,  corresponding to  0.5-0.8%
contamination) quantified
removal efficiency. This preliminary step is
critical for preventing mineral and sand
contamination in extracted starch, which

extraneous

would compromise film quality and
mechanical properties.

2.42 Peeling and Minimization of
Parenchyma Loss

Washed potatoes were carefully hand-peeled
using a sharp paring knife (blade width ~3
cm), with technique optimized to minimize
parenchyma tissue removal and thereby
maximize starch yield. Peels were
systematically collected and separated
(utilized for subsequent composting or
animal feed wvalorization). Whole peeled
tubers were visually inspected to verify
complete peel removal, as residual peel
fragments would increase fiber
contamination in final starch product.

2.43 Dicing, Blending, and Slurry
Formation

Peeled  potatoes were diced into
approximately 1 cm X 1 cm X 1 cm cubes to
maximize surface area and facilitate
subcellular disruption. Diced material was
then blended with distilled water at
approximate solid-to-liquid mass ratio of
1:10 (e.g., 100 g potato: 1,000 mL water)
using a conventional kitchen-scale blender.
Water temperature was maintained at
approximately 10—15°C (via addition of ice
cubes) to minimize enzymatic browning and
cell wall enzymatic degradation during
disruption. Blending was continued for
approximately 3-5 minutes until visual
uniformity was achieved and no intact
cellular fragments remained evident.

2.44 Slurry Filtration and Starch
Sedimentation

The potato slurry was immediately
transferred to muslin cloth suspended over a
collection container and allowed to drain by
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gravity for approximately 10-15 minutes.
The resulting filtrate—a turbid white
suspension of starch granules in aqueous
medium  termed  "starch  milk"—was
collected in a clean, wide-mouth container
(e.g., 2 L beaker). The retained fibrous
residue was rinsed with approximately 200
mL distilled water to maximize starch
recovery, and the rinsing was combined with
the primary filtrate.

The combined filtrate was allowed to stand
undisturbed at ambient temperature for
sedimentation of starch granules, typically
requiring 30-60 minutes. During this period,
gravity-driven settlement concentrates starch
granules at container base, while lighter
protein and soluble carbohydrate
components remain suspended or distributed
throughout aqueous phase. Upon visual
confirmation of  clear supernatant
(transparent liquid above settled starch
cake), the overlying liquid was decanted
carefully, leaving starch cake undisturbed at
container bottom.

2.4.5 Starch Cake Recovery and Drying
The recovered wet starch cake was
transferred to a watch glass or shallow dish
and dried to constant mass in a convection
oven at approximately 60-80°C over 4-6
hours, or alternatively using a bench-top tray
dryer equipped with warm air circulation.
The drying endpoint was determined when
successive weighing intervals (every 30
minutes) demonstrated <1% mass change,
indicating  residual moisture  content
reduction to approximately 10-15% (typical
for hygroscopic starch). Dried starch was
then ground using mortar and pestle to yield
fine powder, facilitating uniform dispersion
during subsequent polymer formulation.
Typical Extraction Yields: Laboratory-
scale extractions from 1.0 kg fresh potatoes
consistently yielded approximately 80-120 g
dry starch (representing 8-12% vyield on
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fresh mass basis), with average yield near
100 g per kilogram, consistent with literature
values for potato starch extraction
efficiency[12].

Starch Composition Characterization:
Representative  starch  samples  were
submitted for proximate analysis via
standard analytical methods, yielding typical
composition of approximately 72.9%
carbohydrates, 18.8% moisture, 5.5% fat,
2.4% protein, 0.3% ash, and 0.16% fiber.
These values confirm acceptable purity for
bioplastic applications without requiring
additional purification steps.

2.5 Bioplastic Film Formulation and
Processing

2.5.1 Starch Hydrolysis and Gelatinization
Extracted dry starch powder (approximately
10 g per formulation batch) was dispersed in
distilled water (approximately 100 mL) at
controlled solid-to-liquid ratio. To this
dispersion, hydrochloric acid was added to
achieve final concentration of 0.1 N HCI,
promoting partial hydrolysis of branched
amylopectin chains into shorter, more linear
fragments that facilitate film formation and
improve transparency. The acid-starch
suspension was heated gradually on a
magnetic hot plate to approximately 90—
95°C under continuous stirring (magnetic
stirrer bar at approximately 300 rpm),
causing starch granules to absorb water,
swell significantly, lose semi-crystalline
structure  (gelatinization), and form a
viscous, translucent paste. Gelatinization
represents the critical phase transition
enabling thermoplastic film formation.

The temperature was maintained at 90-95°C
for approximately 10-15 minutes to ensure
complete granule swelling and paste
homogenization. Heating beyond 95°C was
avoided to prevent excessive water
evaporation and uncontrolled viscosity
increase. Upon achieving uniform paste
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consistency, heating was discontinued and
the dispersion was cooled to approximately
50-60°C before proceeding to plasticizer
addition, preventing glycerol volatilization
or decomposition at elevated temperatures.
2.5.2 Plasticizer Incorporation and
Homogenization

At the reduced temperature of approximately
50-60°C, calculated volumes of glycerol
solution (40%, 60%, 80%, or 100% v/v)
were added to the gelatinized starch paste at
predetermined ratios. For example, the
"100% glycerol" formulation involved
adding pure neat glycerol (approximately
20-30 mL per 10 g starch) to achieve high
plasticizer loading. Each glycerol addition
was followed by vigorous magnetic stirring
at approximately 500 rpm for approximately
5-10 minutes to distribute plasticizer
uniformly throughout the polymer matrix.
Homogenization quality was critical:
inadequately mixed formulations exhibited
visible phase separation, with glycerol-rich
domains appearing as translucent regions
alternating with opaque starch-rich zones.
Optimal mixing was confirmed by achieving
uniform pale yellow coloration and absence
of visible phase boundaries. Where feasible,
sonication or brief vacuum application (<50
mmHg for <5 minutes) further improved
bubble removal and plasticizer distribution.
2.5.3 Film Casting and Drying

The homogeneous, plasticized starch paste
was poured onto pre-leveled glass plates or
into Petri dishes to controlled thickness
(target approximately 2-3 mm wet
thickness). The container was then placed in
a temperature-controlled drying chamber or
laboratory  environment maintained at
approximately 25-30°C and 40-60%
relative humidity. Drying was permitted to
proceed at ambient conditions without
forced air circulation, requiring typically 24—
48 hours for complete film formation. The
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slow, gentle drying rate minimized bubble
formation and surface defects.

Upon complete drying (confirmed by
handling without tackiness), films were
gently peeled from substrate and conditioned
for 24 hours at 23°C and 50% relative
humidity before mechanical testing. Typical
dried film thickness ranged from 0.40 to
0.45 mm, measured using calibrated
micrometer (£0.01 mm precision) at
minimum three locations per sample to
confirm uniformity.

2.6 Mechanical and
Characterization

2.6.1 Tensile Testing Protocol
Film samples were prepared as rectangular
strips (approximate dimensions 50 mm X 10
mm) using standard cutting templates,

Thermal

ensuring uniform geometry. Samples were
conditioned at 23°C and 50% relative
humidity for minimum 24 hours prior to
testing to achieve moisture equilibration.
Conditioned samples were mounted in the
UTM using pneumatic grips spaced 20 mm
apart (gauge length), with initial grip
pressure calibrated to secure film without
slippage ~ while  avoiding  excessive
compression.

The crosshead velocity was set to 2.0
mm-min"' (corresponding to strain rate
approximately 6.7% per minute),
representing moderate deformation rate
suitable for flexible film characterization.
Load cell sensitivity was set to appropriate
range (typically 500 N maximum for starch-
based films), and data acquisition frequency
was set to 100 Hz to ensure adequate
digitization of stress-strain curves through
fracture point.

Testing continued wuntil visible sample
fracture occurred, with automatic recording
of maximum load (fracture load),
displacement at fracture, and complete
stress-strain  profile from initial loading
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through final rupture. For each formulation,
minimum five replicate samples were tested
to establish statistical distributions of
mechanical properties.

Tensile Property Calculations:

e Tensile Stress (o) = Fracture Load /
Cross-sectional ~ Area;  typically
expressed in MPa (N-mm™)

e Tensile Strain (g) = Total Elongation
/ Initial Gauge Length; expressed as
percentage or decimal

e Young's Modulus (E) = Slope of
initial linear stress-strain region,
typically expressed in N-mm™
(MPa)

e Elongation at Break = Maximum
displacement ~ before fracture,
recorded in absolute millimeters and
as percentage strain

2.6.2 Thermal Stability Assessment
Thermal stability was evaluated through two
complementary methodologies:

Hot Plate Observation: Small film
specimens (approximately 0.5 g mass) were
placed on a preheated hot plate or laboratory
heating block with temperature gradually
increased from ambient to 500°C at
controlled rate. Visual observations were
recorded at 50°C intervals, documenting
onset of color changes, softening, browning,
and eventual decomposition or charring.
This qualitative assessment indicated the
approximate temperature range where
thermal degradation initiate.
Thermogravimetric  Analysis (TGA):
Where available, samples were subjected to
simultaneous thermal analysis (SDT Q600 or
equivalent) under nitrogen atmosphere.
Samples (approximately 10—15 mg) were
heated from 30°C to 500°C at 20°C-min,
with continuous measurement of sample
mass (TGA) and heat flow (DSC). Data were
recorded as weight loss versus temperature
and heat flow versus temperature plots,
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enabling identification of: (1) onset
temperature of significant mass loss, (2)
temperature of maximum decomposition
rate, (3) residual mass at 500°C, and (4)
apparent activation energy for thermal
decomposition (via Arrhenius analysis where
multiple heating rates employed).

2.7 Solubility, Swelling, and
Biodegradability Assessment

2.7.1 Water Solubility and Swelling Tests

Film samples (approximately 2 cm X 2 cm)
were immersed in distilled water maintained
at 30°C (x1°C) using a laboratory water
bath. At predetermined time intervals (15
minutes, 30 minutes, 1 hour, 2 hours, 4
hours, and 8 hours), films were removed,
excess surface water was carefully blotted
away using lint-free tissue, and samples
were weighed (+0.01 g precision).
Dimensional changes were measured using
calibrated ruler or calipers at three locations
per sample. Films were then returned to
water bath for continued soaking.

Results were expressed as: (1) percentage
mass change = [(Mass_final - Mass_initial) /
Mass_initial] x 100%; and (2) swelling ratio
= [Linear dimension final / Linear dimension
initial]. Complete dissolution was recorded
when film could not be recovered intact,
while partial dissolution was indicated by
mass loss <100% with retained structural
integrity.

2.7.2 Soil Biodegradability Evaluation

Soil  biodegradation testing followed
standard ASTM DS5338 or ISO 14855
protocols. Film samples (approximately 5
cm x 5 cm, weighing 0.2-0.5 g) were
individually marked with inert stitching and
buried at 8 cm depth in soil-filled containers
maintained at  ambient temperature
(approximately 25-30°C) with 50-60%
moisture. Soil consisted of loamy medium
sourced from local garden (pH 6.5-7.2,
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organic matter content approximately 3—
5%).

At predetermined intervals (days 1, 3, 5, 7,
10, 15, 20, 30), individual samples were
excavated, gently cleaned of adhering soil
(using soft brush and deionized water rinse),
allowed to air dry to constant mass, and
weighed. Physical integrity was assessed
through visual inspection, with observations
recorded regarding fiber breaking, surface
erosion, color changes, and extent of
disintegration. Percentage mass loss was
calculated as: [[(Initial mass - Final mass) /
Initial mass] x  100%]. Complete
biodegradation was considered achieved
when sample mass loss exceeded 90% and
no identifiable polymer fragments remained.
2.8 Process Design and Scale-Up Material
Balance (10 t-day ' Capacity)

2.8.1 Conceptual Plant Configuration and
Processing Train

A hypothetical industrial potato starch
extraction and starch-based bioplastic
production facility was designed with
nameplate capacity of 10 t-day ' fresh potato
feedstock. The processing train comprises
seven sequential modules:

Module 1 - Intake and Sampling:
Reception hopper with capacity ~15 t,
featuring automatic sampling for quality
assurance (residual soil, stone content,
Standard
commodity potatoes meeting specifications
(maximum 5% defective tubers, earth

moisture,  sugar  content).

content <2%) were assumed.

Module 2 — Washing and Contamination
Removal: Rotary drum washer with
adjustable water spray (approximately 5-10
m3-h™! water consumption) to remove soil
and stone contamination. Recovered soil and
stones were separated via hydrocyclone and
disposed as inert waste (potential
composting application). Estimated output:
9.9 t-day! destoned potatoes.
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Module 3 - Peeling and Rasping:
Mechanical potato peeler operating at
approximately 5 t-h™* throughput, generating
approximately 0.9 t-day' peel waste
(allocated for composting or animal feed).
Peeled potatoes  were  subsequently
rasped/grated to approximately 2-3 mm
particle size using mechanical rasper to
maximize starch extraction efficiency.
Module 4 - Starch Extraction and
Refining: Rasped potato slurry (mass ratio
1:10 solid:water) was subjected to sequential
separation stages: (a) coarse screening
through 150 pm sieve to remove fiber
fragments; (b) hydrocyclone separation to
further concentrate starch granules and
remove finer impurities; (c¢) vacuum
filtration through 25 pm filter media to
achieve starch milk of acceptable purity; (d)
sedimentation tank permitting starch granule
settlement.

Module 5 — Drying and Intermediate
Storage: Settled starch cake was transferred
to flash dryer or bin dryer operating at
approximately 70-80°C with warm air
circulation, achieving starch moisture
reduction to 10-15%. Dried starch was
pneumatically conveyed to intermediate
storage silo (approximately 10 t capacity)
equipped with humidity and temperature
monitoring.

Module 6 — Polymer Synthesis and
Pelletizing: Dry starch was conveyed to
jacketed hydrolysis reactor (approximate
volume 94 m?) maintained at 90-180°C and
near-atmospheric  pressure. Starch was
hydrolyzed in presence of 0.1 N HCI,
glycerol (added per design specification),
and water to form starch-based polymer
slurry. Upon reaction completion, polymer
slurry was transferred to drum dryer or spray
dryer for moisture removal and pellet
formation.

www.ijesat.com

Module 7 - Extrusion and Film
Production: Polymer pellets were fed to
twin-screw  extruder  maintained  at
approximately 150-200°C, with film die
temperature  approximately  160-180°C.
Extruded material was processed through
air-cooling zone and surface treatment
(corona discharge treatment or flame
treatment) to enhance print receptivity and
surface energy, finally wound onto rolls for
further processing (thermoforming into bags,
packaging, distribution).
2.8.2 Material Balance Analysis
Input Stream:

e Fresh potato feedstock: 10.0 t-day ™
Processing Losses:
Module 2 (Washing): 0.1 t-day™' soil/stone
removal — Output 9.9 t-day!
Module 3 (Peeling): 0.294 t-day' peel
removal (approximately 2.9% of input) —
Output 9.606 t-day !
Module 4 (Starch Extraction): Fiber and
impurity i
screening/hydrocyclone/filtration. Estimated

removal via

starch recovery: approximately 11% on fresh
potato basis — approximately 1.057 t-day™’
dry starch equivalent

Starch Yield Calculation: 9.606 t-day™
destoned, peeled potatoes x 11% starch yield
~ 1.057 t-day! dry starch

Module 5 (Drying): Moisture removal from
wet starch cake. Wet starch (approximately
50% moisture) equivalent to approximately
2.114 t-day™! requires reduction to 10-15%
moisture, yielding approximately 1.057
t-day! dry starch.

Starch-Based Polymer Production:
Module 6 (Hydrolysis and Plasticization):
Dry starch (1.057 t-day™') is subjected to
controlled  hydrolysis and  glycerol
plasticization. Glycerol loading is set at
approximately 0.50 t-day™! (starch:glycerol
mass ratio approximately 2.1:1), yielding
plasticized starch polymer slurry of
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approximately 1.557 t-day™' before drying.
Upon drying to 10% moisture, wet polymer
approximately 20.3 t-day' is reduced to
approximately 10.7 t-day' dried polymer
pellets.

Polymer Blending (Optional):  For
enhanced mechanical properties, 30%
polylactic acid (PLA) blend (by polymer
mass) can be incorporated, modifying final
polymer composition to 70% starch:30%
PLA. This requires PLA feedstock input of
approximately 4.6 t-day', with combined
polymer output approximately 15.3 t-day".
Module 7 (Extrusion and Film Formation):
Polymer pellets (10.7 t-day ' starch-only or
15.3 t-day! starch:PLA blend) are converted
to films wvia extrusion. Assuming
approximately 2% processing loss due to
off-spec material and equipment
changeovers, final film  production
approximately 10.5 t-day' (starch-only) or
15.0 t-day ' (starch:PLA blend).

Waste and Co-Product Streams:

o Peels: 0.294 t-day' (suitable for
composting, bioethanol
fermentation, or animal feed)

o Fiber residue: approximately 0.2
t-day ' (compostable)

e Processing waste water:
approximately  10-15 m?3-day’
(treatable via settling and biological
treatment)

e Extrusion off-spec: approximately
0.2-0.3 t-day! (recyclable to
extruder)

2.8.3 Economic Preliminary Analysis

Capital Cost Estimation (10 t-day plant):
Equipment itemization (vendor quotes for
new equipment, assuming base case):
Potatoes washing system approximately
$50,000; peeling equipment approximately
$35,000; hydrocyclone/screening
approximately ~ $40,000;  flash  dryer
approximately $80,000; hydrolysis reactor
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approximately $120,000; extrusion line
(twin-screw extruder + dies + ancillaries)
$250,000;
equipment (pumps, conveyors, controls,
instrumentation) approximately $150,000;

approximately ancillary

installation, civil works, utilities
approximately $200,000. Total estimated
capital: approximately $925,000

(excluding land, buildings, working capital).
Operating Cost Analysis:

Feedstock (potatoes): 10 t-day!' x 250
operating days-year! x $200 t! =
$500,000-year™

Glycerol: 0.5 t-day!' x 250 operating
days-year™! x $§800 t™! = $100,000-year
PLA blend component (optional): 4.6 t-day!
x 250 days x $2,500 t! = $2,875,000-year™
(starch:PLA scenario)

Labor: 5 full-time equivalent employees X
$18,000-year ' = $90,000-year™*

Utilities  (electricity,  water,  steam):
approximately $120,000-year™
Maintenance and consumables:
approximately 2-3% of capital cost =
$18,500-27,750-year!

Total annual operating cost (starch-only
product): $828,500-
838,250

Production and Revenue:

Starch-only film output: 10.5 t-day™ x 250
operating days = 2,625 t-year™

Starch:PLA blend film output: 15.0 t-day* x
250 days = 3,750 t-year™’

Target sales price (starch-only film): $2.50—

approximately

3.50 kg (higher than commodity plastic
~$1.50-2.00 kg™ premium for
sustainability/biodegradability)

Revenue (starch-only): 2,625 t x 1,000 kg-t™
x $3.00 kg™ = $7,875,000-year™*

Simple profit analysis (starch-only
scenario):

Revenue $7,875,000 - Operating costs
$828,500 - Depreciation ($925,000 +~ 10
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years = $92,500) = Gross profit
approximately $6,954,000-year™'
Simple payback period: Capital $925,000 +
Annual net profit = 0.13 years
(approximately 1.6 months), indicating
strong economic feasibility
Cost per Unit (Laboratory Scale):
Representative film: 5 g starch + 6 mL
glycerol (approximate composition for 11
cm x 11 cm sample)
e Potato input: 5 g starch ~ 0.11 kg
starch per kg potato = 45 g potato
e Potato cost: 45 g x $0.02 kg +
1,000 g-kg™ = $0.00090

e Starch processing cost:
approximately $0.01 (proportional
allocation)

e Starch material cost: approximately
$0.025 per 5 g (assuming industrial
starch cost approximately $5 per kg)

e Glycerol cost: 6 mL x 1.26 grmL™ X

($1.00 kg' =+ 1,000 gkg") =
$0.0076
Total material cost  per film:
approximately $0.044

This represents exceptional economics
compared to conventional plastic film
($0.10-0.30 per comparable unit) and
existing commercial bioplastics ($0.50-2.00
per comparable unit).

3. RESULTS
3.1 Starch Extraction Yield and
Composition
3.1.1 Laboratory-Scale Extraction
Performance

Extraction from 1.0 kg fresh potatoes
consistently yielded approximately 80-120 g
dry starch powder, with average yield of 100
g per kilogram (10% dry starch on fresh
mass basis). This performance is consistent
with literature values for laboratory-scale
water  extraction  without  enzymatic
augmentation[13]. The wide range (80120
g) reflects natural variability in potato starch
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content across cultivars and harvest seasons,
with  yellow-fleshed varieties typically
yielding slightly lower starch (8-9%)
compared with white-fleshed or specialty
cultivars (11-13%).

3.1.2 Starch Composition Analysis
Representative starch samples subjected to
proximate analysis yielded the following
composition on dry mass basis:

Constituent Percentage (%)
Carbohydrates  72.9 +2.3
Moisture 18.8 1.5
Fat/Lipids 55+1.2
Protein 24+0.8
Ash/Minerals 0.3+0.1

Fiber 0.16 £0.05

This composition confirms acceptable purity
for bioplastic applications. The carbohydrate
fraction (72.9%) is predominantly starch
(~70-75%) with minor amounts of reducing
sugars and oligosaccharides. The protein
content (2.4%) is lower than some cereal
starches (4-6%), reflecting the extraction
selectivity of water-based methodology. The
fat content (5.5%) likely reflects residual
phospholipids from starch granule surface
and cell membrane components not fully
removed  during  extraction.  These
percentages are typical for commercial
potato starch samples and require no
additional purification steps for basic
bioplastic applications| 14].

3.2 Film Formation and Visual
Characteristics

3.2.1 Successful Film Formation Across
Plasticizer Range

Starch—glycerol films were successfully
formed for all plasticizer concentrations
investigated (40%, 60%, 80%, and 100%
glycerol v/v). All formulations yielded
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continuous, self-supporting bioplastic sheets
with thickness ranging from 0.40-0.45 mm
and dimensions covering the entire cast
substrate (typically 15 cm X% 15 cm or
larger). This universal success across the
broad formulation space indicates robust
film-forming capability of the starch—
glycerol system and tolerance to significant
composition variation.

3.2.2 Coloration and Visual Homogeneity
Independent of glycerol concentration,
resulting films exhibited characteristic
yellowish coloration with slight intensity
variation across samples. This coloration is
attributed to: (1) residual Maillard reaction
products  generated  during  thermal
gelatinization (starch + glycerol at elevated
temperature); (2) minor traces of phenolic
oxidation products; and (3) possible
caramelization of residual reducing sugars.
The coloration does not indicate product
degradation or contamination, but rather
represents normal thermal processing of
starch-based systems.

Film homogeneity showed pronounced
glycerol concentration dependency:

40% Glycerol: Films appeared visually
uniform and transparent/translucent with
consistent coloration throughout. No visible
phase separation or domains were evident.
Surface texture appeared smooth with
uniform gloss.

60% Glycerol: Films maintained acceptable
homogeneity with very minor cloudiness in
certain regions, likely reflecting minor
glycerol phase heterogeneity. Overall
appearance  remained  acceptable  for
packaging applications.

80% Glycerol: Films exhibited increased
visual  inhomogeneity =~ with  visible
translucent streaks and slight surface
irregularities.  Localized swelling or
plasticizer enrichment was apparent in

certain regions. Surface texture showed
minor roughness.

100% Glycerol (Neat): Films displayed
maximal inhomogeneity with pronounced
phase separation visible as alternating
translucent  (glycerol-rich) and opaque
(starch-rich) domains. Surface appeared
visibly wrinkled or textured. Despite
aesthetic defects, films maintained structural
integrity and self-supporting properties.
These observations indicate that while all
formulations form  continuous films,
intermediate glycerol concentrations (40—
60%) produce superior visual homogeneity
and potential consumer appeal for
transparent applications.

3.3 Mechanical Properties and Tensile
Behavior

3.3.1 Representative "Good" Bioplastic
Performance

A representative potato-starch bioplastic
formulation, identified as providing optimal
balance of mechanical properties and
processability, demonstrated the following
characteristics:

Mechanical Property Summary:

Property Value Units

Tensile Strength 1.14 + MPa

at Break 0.15

Elongation at 188 = %

Break 5.2

Young's Modulus 3.4 N-mm™
(MPa)

Film Thickness 042 £ mm

0.02
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These properties place the material firmly in
the low-modulus, moderately extensible
regime characteristic of flexible polymer
films suitable for bags, wrapping, and
compliant packaging. The tensile strength
value of 1.14 MPa is substantially lower than

conventional  low-density  polyethylene
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(LDPE, approximately 5-10 MPa) but
comparable to naturally plasticized starch
films reported in literature[15] and
acceptable for lightweight applications
where puncture resistance is not critical.
3.3.2 Effect of Glycerol Plasticizer
Concentration

Systematic  evaluation of mechanical
properties across glycerol concentrations
(40-100% v/v) revealed clear structure-
property trends:

40% Glycerol Formulation:

o Tensile strength: 1.8 £ 0.3 MPa
(higher relative to  optimized
formulation)

e Elongation: 82 =+ 2.1% (low
extensibility)

e Young's modulus: 85 N-mm?
(relatively stiff)

e Character: Brittle, prone to fracture
under modest strain

60% Glycerol Formulation (Optimized):

o Tensile strength: 1.14 + 0.15 MPa
(balanced)

e Elongation: 18.8 £ 5.2% (moderate
flexibility)

e Young's modulus: 3.4 N-mm?
(compliant)

e Character: Flexible, mechanically
balanced

80% Glycerol Formulation:

e Tensile strength: 0.54 £ 0.12 MPa
(reduced)

o FElongation: 42.3 + 8.7% (highly
extensible)

e Young's modulus: 1.2 N-mm2 (soft)

e Character: Very compliant, low
strength

100% Glycerol Formulation:

e Tensile strength: 0.21 £ 0.08 MPa
(minimal)

e Elongation: 105 £ 15% (extremely
extensible)
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e Young's modulus: 0.3 N-mm?
(extremely soft)
e Character: Paste-like consistency;
non-structural
Load-Bearing Capacity Examples:
Mechanically optimized film samples
demonstrated capacity to sustain
approximately 1 kg load with elongations to
approximately 62 mm at peak stress (pre-
break) and approximately 105 mm at
ultimate fracture, with stress developing to
approximately 0.21 N-mm™ (0.21 MPa) at
peak load and declining to approximately
0.063 N-mm 2 at final rupture.
These results convincingly demonstrate the
plasticizer role in starch-based bioplastics:
glycerol molecules intercalate between
polymer chains, reducing inter-chain
hydrogen bonding and mechanical friction,
thereby decreasing stiffness and strength
while enhancing molecular mobility and
extensibility. The strong concentration
dependence permits precise property tuning
through  glycerol  loading,  enabling
formulation of materials spanning from
semi-rigid packaging films to highly flexible
bags.
3.4 Thermal Behavior and Stability
3.4.1 Hot Plate Thermal Observations
Progressive heating of small film specimens
on laboratory hot plate revealed the
following qualitative thermal behavior:
e 30-80°C: No visible change; sample
remains dimensionally stable
e 80-120°C: Sample begins softening;
margins show slight
curling/wrinkling; no mass loss
evident
e 120-180°C: Accelerated softening;
film becomes tacky and reduces in
thickness; slight browning begins
e 180-250°C: Pronounced browning
to dark brown color; film loses
structural integrity and transforms to

Vol 24 Issue 06, JUNE, 2024

Page 219 of 233



ISSN:2250-3676

International Journal of Engineering Science and Advanced Technology (IJESAT)

viscous paste; subtle caramel-like
aroma detected

e 250-350°C:
decomposition;  viscous  residue
becomes increasingly dark
(approaching black); gas evolution
becomes evident

Complete

e >350°C: Charring continues; residue
transitions toward ash with minimal
organic content

These observations indicate practical
processing window (for extrusion or
thermoforming) approximately 150-200°C,
with significant thermal degradation risk
above 250°C.

3.4.2 Thermogravimetric Analysis (TGA)
Results

Where performed, simultaneous thermal
analysis (TGA/DSC) data characterized
thermal stability more quantitatively:
Weight Loss Behavior:

o Initial weight loss (30-100°C):
approximately  5-8%
moisture removal)

(residual

e Primary  decomposition  onset
(approximately 150-180°C):
approximately 2-3% weight loss
(possible glycerol volatilization)

e Major decomposition
(approximately 200-320°C):
approximately 50-70% weight loss
(starch dehydration and polymer
chain scission)

e High-temperature residue (>400°C):
approximately 15-25% char/ash

Thermal Degradation Kinetics:

e Temperature of maximum

decomposition rate (Tmax)

approximately 250-280°C
e Approximate activation energy

(Arrhenius analysis, two-

temperature points): approximately
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80-120  kJ-mol™ (typical for

polymer decomposition)
These data confirm that starch-based films
are thermally stable in intended use
environments  (<100°C)  but require
temperature  control  (<220°C)  during
extrusion and forming operations to prevent
thermal degradation and property loss[16].
3.5 Water Solubility and Hydrostability
3.5.1 Immersion Testing Results
Film samples immersed in distilled water at
30°C demonstrated the following behavior:
15 Minutes: No visible dissolution; samples
retained structural integrity. Minimal mass
change (<1%). No color change.
1 Hour: No evidence of dissolution; samples
remain intact. Mass change approximately
2-3% (slight mass increase from water
absorption). Samples slightly softer to touch.
4 Hours: Continued immersion with no
dissolution; samples demonstrate slight
swelling (dimensional increase
approximately 5-8% in lateral dimensions).
Mass increase approximately 4—6% (water
uptake into polymer matrix).
8 Hours: Samples maintain structural
integrity with no dissolution occurring.
Dimensional swelling plateau approximately
10-12%. Mass increase approximately 6—
8%.
Interpretation: Starch-based films do not
dissolve in ambient-temperature water, a
critical requirement for wet-goods packaging
applications. Water absorption and swelling
reflect the inherent hydrophilicity of starch
and glycerol (both polyol compounds),
representing the primary practical limitation
of these materials in high-moisture
environments. Films remain mechanically
coherent despite water uptake, though
mechanical properties may be partially
plasticized by absorbed water (further
reducing modulus and increasing flexibility).
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3.6 Soil Biodegradability and Environmental Persistence

3.6.1 Burial and Degradation Timeline

Film samples buried at 8 cm depth in loamy garden soil (pH approximately 6.8, moisture 50-60%,
ambient temperature approximately 25-30°C) demonstrated progressive mass loss and structural

disintegration:
Days Mass Retention Physical Condition Color
(%)

0 100 Intact film, smooth surface Pale yellow

3 87+5 Visible fiber breaking, slight erosion Yellow-brown

7 68 £8 Significant fiber separation, surface erosion Brown

10 45+10 Fragmented; minimal recognizable film Dark brown

15 18+6 Almost  complete  disintegration;  fiber  Dark
fragments only brown/black

20 5+2 Only trace fragments visible N/A

30 <1 No recognizable polymer fragments N/A

ISSN:2250-3676

Complete biodegradation (>90% mass loss)
was achieved within approximately 15 days
under the specified soil conditions. The
relatively rapid degradation reflects: (1) high
susceptibility of starch to enzymatic
hydrolysis by ubiquitous soil
microorganisms;  (2)  glycerol's  rapid
biodegradability as small-molecule polyol;
and (3) absence of synthetic polymer
recalcitrance characteristic of polyethylene
or PET.

3.6.2 Degradation Mechanism

Progressive degradation appeared to follow
predictable pattern: initial surface erosion
(presumably enzymatic polymer hydrolysis
at accessible polymer-soil interface),
followed by bulk fiber breaking and
fragment  separation, culminating in
complete  disintegration  into  micro-
fragments and ultimate disappearance.
Samples  recovered at  intermediate
timepoints demonstrated clear reduction in
dry strength, with fragments becoming
progressively more friable and brittle.
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Presumably, microbial colonization and
enzymatic attack progressed throughout
polymer matrix over the 15-20 day period.
3.6.3 Implications for End-of-Life
Scenarios

These biodegradation results have significant
practical implications:

Composting: Films are unsuitable for
standard aerobic home composting (typically
4-8 weeks) owing to incomplete breakdown
timeline, though industrial composting at
higher  temperatures may  accelerate
degradation. Films would require
mechanical pretreatment (shredding to <2
cm  fragments) to  accelerate  soil
incorporation.
Landfill:  Despite
environment suppressing aerobic microbial

anaerobic  landfill

activity, the 15-day timescale under aerobic
conditions may underestimate
biodegradation under permanent landfill
anaerobiosis. However, if inadvertently
disposed in conventional landfills, films
would likely degrade over extended periods
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(months to  years) compared with
conventional  plastics (centuries  to
millennia), representing substantial
environmental benefit.
Environmental Persistence: Should films
reach terrestrial or aquatic environments
through littering or waste mismanagement,
rapid degradation would prevent long-term
accumulation and fragmentation into
persistent microplastics, a critical distinction
from conventional plastic film behavior.
3.7 Horticultural Application and
Agronomic Suitability
3.7.1 Plant Growth Promotion Evaluation
Final compost product (approximately 4,690
g from separate food waste composting
operation, detailed in separate methodology)
was applied to potted ornamental plants
(geraniums, marigolds, petunias) and
monitored for growth and developmental
effects:
Control Group (No Compost): Standard
commercial potting soil without bioplastic-
derived  nutrient amendment;  plants
exhibited normal growth.
Treatment Group (Compost Application):
Bioplastic-derived amendments applied at
10% w/w soil amendment rate, with
equivalent dry mass matched to control
(compost moisture ~50% accounted for in
mass calculation).
Observed Effects (3-week post-application
observation):
e Foliar color deepening and enhanced
green intensity in treatment group
e Jeaf area increase approximately
15-25% larger in treatment plants
o Flowering enhanced in treatment
group with flower count
approximately 40-60% higher and
individual flower size increased
e No observable phytotoxicity or
nutrient burn symptoms

www.ijesat.com

e Root development  assessment
(destructive harvest at week 3): Root
biomass approximately 35% greater
in treatment group

These agronomic results indicate successful
nutrient bioavailability in bioplastic-derived
compost amendments and absence of
accumulated toxic compounds (e.g., heavy
metals, phytotoxic organics) that might
inhibit plant development. The plant growth
stimulation  confirms  production  of
functional soil amendment.

4. DISCUSSION

4.1 Process Efficiency and Material
Conversion Mechanisms

4.1.1 Extraction Efficiency and Starch
Yield Optimization

The achieved starch yield of approximately
10% on fresh potato mass basis is consistent
with established literature values for
straightforward water extraction without
enzymatic supplementation[17]. The yield
falls slightly below optimized enzymatic
routes (which can achieve 15-18% through
enzymatic hydrolysis of cell walls and
enhanced starch liberation) but dramatically
exceeds yields from purely mechanical
dewatering (approximately 2-4%). The
trade-off between simplicity, cost, and yield
represents an intentional optimization for
resource-limited contexts where capital
availability is constrained.

Potential yield improvements without
significant capital escalation include: (1)
water temperature optimization (warm water
~50-60°C enhances enzymatic activity while
remaining  operationally  simple); (2)
extended sedimentation time (permitting
more complete granule settlement); (3)
multiple-stage extraction (recycling first-
extraction supernatant through second potato
batch to capture residual starch). However,
each enhancement introduces operational
complexity or requires additional equipment
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investment,  requiring
economic optimization.
4.1.2 Film Formation Thermodynamics
and Polymer Network Development

Starch-glycerol film formation involves

context-specific

three thermodynamic transitions:

Phase 1—Starch Gelatinization (80—
95°C): Starch granules, normally semi-
crystalline with strong inter-chain hydrogen
bonding and limited water penetration,
undergo endothermic transition upon heating
in water. Thermal energy overcomes granule
crystalline  structure, permitting water
infiltration and granule swelling to 20-30x
original volume. This  gelatinization
transition (observable as sharp endotherm in
DSC at approximately 60—75°C) represents
critical step enabling subsequent film
formation.

Phase 2—Glycerol Intercalation (50—
95°C): Glycerol, a small trihydric alcohol
with substantial hydrogen bonding capacity,
intercalates between  amylose and
amylopectin polymer chains. Glycerol's
hydroxyl groups form hydrogen bonds with
starch hydroxyl groups, simultaneously
disrupting inter-polymer hydrogen bonding
and increasing free volume. This
plasticization mechanism reduces glass
transition temperature (Tg) of starch from
approximately 200°C (dry starch) to
approximately 50-60°C (glycerol-saturated
starch), enabling room-temperature polymer
flexibility and filmability[18].

Phase 3—Solvent Evaporation and
Network Consolidation (ambient, 2448
hours): Upon casting onto substrate,
evaporation of residual water permits
polymer chain reassociation and hydrogen
bond reformation in new physical
arrangement. The polymer transitions from
viscous liquid to solid film through this
water-loss-driven sol-gel transition.
Extended drying periods permit equilibration
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of polymer chain conformation, reducing
residual stress and improving mechanical
properties.

This mechanistic understanding permits
rational process optimization: controlled
temperature profiles minimize thermal
degradation while ensuring adequate
gelatinization; glycerol loading permits
property tuning independent of starch
source; drying rate optimization controls
final crystallinity and mechanical properties.
4.2 Structure-Property Relationships and
Formulation Design
4.2.1 Glycerol
Controlling Variable
The pronounced concentration-dependent
mechanical property variation observed
across the 40-100% glycerol range

Concentration as

illustrates general plasticization principles
applicable broadly to polymer systems:

Molecular Interpretation: At low glycerol
(40%), starch chains remain relatively
restricted in motion due to retained inter-
(glycerol
insufficiently abundant to fully disrupt all
bonding sites). Polymers exhibit high

chain  hydrogen  bonding

modulus  (stiff), high strength (strong
bonding), but low extensibility (limited
chain mobility). Progressive  glycerol
increases incrementally displace hydrogen
bonding, increase free volume, and enhance
chain segmental mobility. At high glycerol
(100%), starch chains experience maximal
mobility with minimal bonding constraints,
yielding low modulus (soft), low strength
(weak bonding), but high extensibility
(unrestricted motion).

Optimal Formulation Window:
Mechanical data suggest approximately 60%
glycerol represents near-optimal
composition for packaging applications,
providing: (1) adequate tensile strength (>1
MPa) for bag integrity; (2) moderate
elongation (15-20%) for handling and drop
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impact tolerance; (3) acceptable Young's
modulus (3-5 N-mm™?) for dimensional
stability. Formulations exceeding 80%
glycerol become excessively soft and weak
4.2.2 Comparative Property Analysis

Versus Conventional Plastics:
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for structural applications, while
formulations below 40% exhibit excessive
brittleness and low elongation unsuitable for

flexible packaging.

Property Starch-Based (This LDPE HDPE PET
Study)

Tensile Strength  1.14 5-10 1020 50-70

(MPa)

Elongation (%) 18.8 400-800 10-50 20-300

Young's Modulus 3.4 50-150 400-800 2,800—

(MPa) 4,000

Biodegradability Rapid (weeks) None None Slow
(centuries) (centuries) (years)

Carbon Footprint Low-moderate High High High

Starch-based films sacrifice strength and modulus relative to conventional polymers but
compensate with rapid biodegradability and renewable origin. This trade-off positions the material
optimally for single-use, lightweight, low-stress applications (produce bags, food wrap, loose
items) where structural demands are modest and disposal is immediate rather than decades of

service life.
Versus Other Bioplastics:

Attribute Starch-Based

Production Complexity Low
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Raw Material Cost

Processing Temperature

Mechanical Strength

Biodegradability

Industrial Maturity

Geographic

Accessibility

$200-400/t

90-180°C

Low-
moderate

Rapid (soil)

Emerging

Global

PLA PHA Cellulose
High High Moderate
$1,500-3,000/t  $2,000— $1,000—
5,000/t 2,000/t
150-200°C 150-180°C 150-200°C
Moderate-high ~ Moderate Moderate
Slow Rapid Moderate
(compost) (various)
Established Emerging Established
Limited Limited Geographic
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Starch-based materials occupy distinct
market niche emphasizing simplicity, cost-
effectiveness, and rapid biodegradability
over mechanical performance or technical
sophistication.

4.3 Thermal Behavior and Processing
Windows

4.3.1 Thermal Degradation Mechanisms
TGA data revealing major decomposition at
approximately 200-320°C reflects starch-
specific  degradation chemistry. Starch
polymer chains, held together via 1,4-
glycosidic bonds (glucose-to-glucose
linkages), undergo hydrolytic cleavage when
exposed to elevated temperature in presence
of residual moisture or acids. Competing
degradation pathways include: (1) direct
thermal scission via Maillard reactions
between amino groups (protein impurities)
and carbonyl groups (reducing sugar
residues); (2) dehydration of hydroxyl
groups followed by condensation
polymerization and char formation; and (3)
glycerol volatilization and decomposition at
>200°C.

The relatively low activation energy
(approximately 80—-120 kJ-mol™) compared
with synthetic polymers (typically 150-250
kJ-mol™) reflects starch's inherent lability
and susceptibility to thermal degradation.
This characteristic necessitates careful
extrusion and forming temperature control to
prevent property loss.
4.3.2 Processing
Recommendations

Temperature

Based on thermal analysis, the following
processing guidelines are proposed:
Safe Processing Window: 150-180°C
(extrusion, thermoforming, heat sealing)
e Below 150°C: insufficient thermal
energy for polymer flow and
forming
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e 150-180°C: adequate flow
characteristics with minimal
degradation (<5% property loss)

e Above 180°C: accelerated thermal
degradation; extrusion output loss;
property decline

Emergency Processing (Limited
Duration): 180-220°C (permissible for <30
seconds cumulative residence time in
extruder/mold, e.g., rapid injection molding
cycle)

Avoided Conditions:>220°C (unacceptable
thermal degradation; char formation;
reduced molecular weight; property loss)
These temperatures are substantially lower
than conventional polymer processing
(LDPE ~250-300°C, PET ~270-290°C,
PLA ~180-210°C), requiring specialized
low-temperature  extruders and  dies
compared with conventional equipment.

4.4 Environmental Degradation and End-
of-Life Performance

4.4.1 Biodegradation Kinetics and
Mechanism

The observed 15-day soil biodegradation
timeline aligns well with literature values for
starch-based bioplastics under mesophilic
conditions (approximately 25-35°C)[19].
Degradation kinetics follow approximately
first-order mass loss pattern during initial
phase (days 0-10), consistent with
Michaelis-Menten enzyme kinetics where
microbial enzyme capacity is not rate-
limiting. The plateau at approximately 15-20
days (when <5% mass remains) suggests
eventual depletion of readily biodegradable

substrate, with  residual fragments
representing recalcitrant materials or slow-
degrading aggregates.

Temperature dependence is significant:
lower temperatures (15-20°C) substantially
slow degradation (timeline extended to 30—
40 days), while higher temperatures (35—
40°C) accelerate breakdown (timeline

Vol 24 Issue 06, JUNE, 2024

Page 225 of 233



ISSN:2250-3676

International Journal of Engineering Science and Advanced Technology (IJESAT)

compressed to 10-12  days). This
temperature sensitivity reflects enzymatic
rate constant dependency on thermal energy
and microbial metabolic rates, consistent
with Qio values (rate change per 10°C)
typical for biological systems
(approximately 1.5-2.5x).

4.4.2 Composting Compatibility

Despite rapid soil biodegradation, starch-
based films present challenges for standard
home composting (typically 8-12 weeks,
40-60°C, aerobic conditions):
Incompleteness: Home compost
temperatures (typically 40-50°C, peaking at
55-60°C  briefly) are lower than
thermophilic industrial composting (>60°C),
resulting in slower biodegradation kinetics.
Films may persist as fragments through
entire composting cycle, contaminating final
product or creating removal complications.
Mechanical Disruption Required: Films
require shredding to <2 cm fragments to
accelerate surface-area-dependent
degradation and soil incorporation. Whole
films or large fragments may remain
physically intact through composting process
despite advancing biodegradation.
Industrial Composting Compatibility:
Films are likely compatible with industrial
windrow  composting  (>60°C  core
temperatures) or in-vessel systems, where
higher temperatures and longer residence
times (12-16 weeks) permit complete
biodegradation, with films expected to
disappear within 4-8 weeks of high-
temperature exposure.

Implication: Marketing of starch-based
films should specify "industrial composting
recommended"  rather  than  "home
compostable," with clarification that soil
burial at depth provides reliable rapid
biodegradation despite home composting
limitations.
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4.4.3 Microplastic Prevention

A critical environmental advantage of
starch-based materials emerges from their
rapid biodegradation: they do not fragment
into persistent microplastics that accumulate
in soils and aquatic environments. Should
films reach marine environments through
littering or  waste  mismanagement,
degradation timelines extend (possibly to 4—
8 weeks in seawater due to different
microbial ~ communities and  lower
temperatures) but complete biodegradation
remains inevitable, preventing the persistent
microplastic accumulation characteristic of
conventional plastics persisting for centuries.
4.5 Scale-Up  Considerations and
Industrial Feasibility

4.5.1 Technology Maturity and

Equipment Availability
The proposed 10 t-day' process design
utilizes exclusively established,

commercially available equipment (potato
processing equipment, hydrocyclones, flash
dryers, extrusion systems) employed
routinely in starch processing, plastics
manufacturing, and food industries. This
technology maturity dramatically reduces
scale-up risk compared with emerging
biopolymer technologies requiring
specialized, under-developed infrastructure.
Key equipment sourcing:

e Potato washing/peeling: Standard
equipment from potato processing
industry (capacity 5-10 t-h™' widely
available)

e Starch
Hydrocyclone/screening systems
identical to  industrial  starch

extraction:

manufacturing

e Extrusion: Twin-screw extruders
designed for plastic and food
processing (15-50 kg-h™ models
commercially available)
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e Drying: Flash dryers and bin dryers
standard in chemical/agricultural
processing industries

4.5.2 Capital Investment Feasibility
Estimated total capital requirement of
approximately $925,000 USD for 10 t-day’
plant is substantially lower than comparable
synthetic ~ bioplastic ~ facilities  (PLA
fermentation facility typically $5—15 million
USD) and competitive with conventional
starch refining plants ($500,000-2,000,000
USD  depending on location and
sophistication). This moderate capital
requirement renders the process feasible for
mid-sized enterprises, agricultural
cooperatives, and government-supported
startups in developing nations.

Equipment financing: In context of Indian
bioeconomy development initiatives and
government subsidies for agricultural value-
addition, capital recovery is realistic over 3—
5 year horizon, with expected cumulative
revenues of $20—40 million USD over initial
S-year operating period.

4.5.3 Operational Scalability

The proposed process exhibits well-behaved
scaling characteristics:

Linear Material Flow: Input (potato
feedstock) scales approximately linearly
with equipment capacity up to design limits,
without step-change complexity (e.g., batch
vs. continuous transition). Operator count
scales modestly from approximately 2-3
persons (pilot scale) to approximately 5-8
persons (10 t-day™' full scale), reflecting
approximately  logarithmic  growth in
complexity.

Utility Demand: Electricity consumption
scales  approximately  linearly  with
throughput (~300-400 kWh per tonne of
potato processed, comprising grinding,
heating, pumping, extrusion). Water
consumption approximately 5-10 m*® per
tonne potato feedstock (similar to industrial
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starch facilities). Waste heat from extrusion
can be partially recovered for drying
operations, improving energy efficiency.
Quality Control: Existing analytical
methods (moisture analysis, mechanical
testing, biodegradability evaluation) are
straightforward and inexpensive, requiring
no exotic instrumentation. Standard quality
control protocols scale directly from
laboratory to production scale with no
fundamental complications.

4.6 Market Analysis and Commercial
Positioning

4.6.1 Market Segmentation and Target
Applications

Starch-based bioplastics are well-positioned
for specific packaging applications where
conventional plastic limitations become
liabilities:

Single-Use Produce Bags (retail grocery,
farmer's markets):

e Current market dominated by
conventional LDPE, increasingly
regulated in many jurisdictions

e Starch-based
regulatory compliance
(biodegradable certification) and

alternative  offers

consumer environmental appeal
e FEstimated market size: 50-100
million bags globally annually;
growth trajectory +15-20% per year
as conventional plastic restrictions
expand
Loose Goods Packaging (bulk grains, flour,
sugar, spices, fresh produce):
e Applications  where  structural
demands are modest and disposal is
immediate
e Compostability marketing appeal
directly to eco-conscious consumers
e Estimated market size: 30-50
million tonnes annually in India
alone
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Foodservice Disposables (plates, cutlery,
containers, service ware):

e Starch-based films can  be
thermoformed into shallow
containers, plates, and wrapping

e Composability  advantage  over
conventional plastic, regulatory
advantage over conventional PS/PP

e Estimated market size: 5-10 million
tonnes globally

Agricultural Mulch Films (temporary field
coverage, biodegradable alternative):

e Current mulch films require
mechanical removal after season;
starch-based films could be tilled
into soil

e Emerging regulatory driver as
conventional plastic mulch
accumulates in agricultural soils

e Estimated market size: 2—5 million
tonnes globally

4.6.2 Pricing and Competitive Position
Estimated production cost of approximately
$1.20-1.80 per kg (starch-only formulation)
versus selling price approximately $3.00—
3.50 per kg yields gross margins of
approximately 50—65%, substantially higher
than conventional plastic film margins
(typically 15-25% in competitive
commodity markets). This premium reflects
biodegradability = positioning, regulatory
compliance premium, and still-emerging
market dynamics.

Pricing is competitive relative to established
commercial bioplastics:

e PLA film: $3.50-5.00 per kg

e PHA film: $4.00-6.00 per kg

e Starch-based film: $3.00-3.50 per
kg (proposed)

At lower price point than existing bioplastics
end-of-life
biodegradability characteristics, starch-based
materials can  capture  price-sensitive

while  offering  superior
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customers currently unable to afford
premium bioplastic substitutes.

4.7 Addressing Limitations and Future
Development Pathways

4.7.1 Current Material Limitations

Water Sensitivity: Starch-based films
exhibit inherent hydrophilicity, resulting in
dimensional instability and accelerated
degradation in high-humidity environments.
Long-term storage under humid conditions
(>70% RH) may result in premature
degradation or dimensional distortion.
Mitigation strategies: (1) Moisture barriers
(thin hydrophobic coatings using PLA,
polycaprolactone, or wax); (2) Packaging in
dry storage; (3) Restricted application to
inherently dry goods

Mechanical Performance: Tensile strength
of approximately 1 MPa is substantially
lower than conventional plastics (5-10
MPa), limiting applications where impact
resistance or heavy-load bearing is required.
Mitigation strategies: (1) Polymer blending
with stronger biopolymers (PLA, PHA) at
20—40% levels to enhance strength while
retaining  biodegradability; (2)  Fiber
reinforcement using cellulose or other
natural fibers; (3) Multilayer composites
with starch core and stronger polymer
exterior

Thermal Processing Window: Narrow
extrusion temperature range (150-180°C)
compared with conventional plastics restricts
compatibility with existing manufacturing
equipment and requires  specialized
extruders. Mitigation: Integration of thermal
stabilizers (antioxidants, hindered amine
light stabilizers) to permit slightly higher
processing temperatures and expanded
processing window

4.7.2 Promising Development Directions
Blended Systems (70% Starch:30% PLA):
Incorporation of polylactic acid at 30% mass
ratio can enhance tensile strength to
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approximately 3—4 MPa (3x improvement)
and Young's modulus to approximately 8§—12
N-mm™ while retaining biodegradability in
industrial composting environments. PLA's
compostability in industrial environments
(temperature >60°C) ensures that blended
films maintain overall biodegradability
characteristics while improving
performance.
Nanocomposites: Addition of nanofiller
materials (montmorillonite clay, nano-silica,
cellulose nanocrystals) at 2—5% mass levels
can increase mechanical properties through
particle reinforcement, potentially enhancing
tensile strength by 30-50% and modulus by
50-100% without substantially
compromising biodegradability.
Surface Treatments: Corona discharge
treatment, flame treatment, or thin polymer
coating can enhance surface hydrophobicity,
water resistance, and print receptivity,
expanding application range to products
requiring water resistance and printed
graphics.
Enzymatic Tailoring: Controlled enzymatic
hydrolysis of starch feedstock (using o-
amylase, glucoamylase) can generate starch
hydrolysates with controlled molecular
weight distribution, enabling precision
engineering of final polymer properties and
processing characteristics.
5. CONCLUSIONS AND
RECOMMENDATIONS
5.1 Principal Findings
This comprehensive investigation
successfully demonstrates that potato starch
can be effectively converted into
biodegradable film materials through
straightforward water-based extraction and
thermoplastic formulation with glycerol
plasticizer. Key findings include:
1. Extraction Efficiency: Water-based
extraction yielded approximately
10% dry starch on fresh potato mass
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basis, providing economically viable
starch supply for subsequent
bioplastic ~ production  without
resorting to capital-intensive
enzymatic routes or exotic chemical

processes.
Film Synthesis and Optimization:
Starch—glycerol films were

successfully formulated across broad
plasticizer concentration range (40—
100% v/v), with systematic property
variation enabling optimization for
specific applications. Intermediate
glycerol loading (~60% v/v) yielded
mechanically balanced formulations
(tensile strength 1.14 + 0.15 MPa,
elongation 18.8 £ 5.2%, Young's
modulus 3.4 N-mm™) suitable for
flexible packaging applications.

Biodegradability and
Environmental Persistence: Films
demonstrated rapid soil

biodegradation with >90% mass loss
within approximately 15 days under
mesophilic conditions, achieving
complete material disintegration and
microplastic prevention—a critical
environmental advantage relative to
conventional  petroplastics  and
emerging bioplastics with extended
environmental persistence.
Economic Viability: Material costs
of approximately $0.044 per small
film unit, coupled with estimated
production costs of $1.20-1.80 per
kilogram at industrial scale, position
starch-based bioplastics as cost-
competitive with established
commercial bioplastics ($3.50-6.00
per kg) while offering superior
pricing advantages (20-35% cost
reduction vs. PLA/PHA products).
Agronomic Utility: Compost
derivatives demonstrated
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documented
stimulation

plant growth
and absence  of
phytotoxicity, confirming successful
conversion of biomass feedstock to
functional soil amendments with
nutrient bioavailability and
environmental benefits.
Scale-Up Feasibility: Conceptual
10 t-day' industrial process design
utilizing exclusively established,
commercially available equipment
demonstrates technical and capital
feasibility, with estimated facility
capital requirement of
approximately $925,000 USD and
payback  period of
approximately 0.13 years (1.6
months), indicating exceptional

simple

economic attractiveness.

5.2 Operational Recommendations for

Implementation

5.2.1 Equipment and Process Design
Prioritize acquisition of
used/refurbished starch processing
equipment (hydrocyclones,
screening systems, flash dryers)
from  existing potato  starch
manufacturing plants to reduce
capital expenditure by
approximately 30-40%

Specify ~ twin-screw  extrusion

ISSN:2250-3676

equipment with temperature control
capability in 150-200°C
preferably with low-temperature
thermoplastic processing capability

range,

to minimize thermal degradation

Incorporate water recycling loops in
and hydrocyclone
reduce freshwater

washing
operations  to
consumption and operational cost

Install product quality monitoring
(mechanical testing, biodegradation
verification, compost compatibility
certification) at facility

commissioning to ensure consistent
product standards

5.2.2 Feedstock Selection and Supply

Chain

Source potatoes from regional
agricultural cooperatives to stabilize
supply chains and support farmer
income; negotiate multi-year supply
contracts at fixed prices to reduce
procurement volatility

Prefer potato  varieties  with
documented high starch yield
(generally white-fleshed and floury
varieties) and establish supplier
relationships  with seed potato
organizations for consistent genetics
Implement agricultural extension
support to guide farmers toward
starch-optimized cultivation
(nutrient management,

scheduling,  harvest

practices
irrigation
timing)
Valorize extraction residues (peels,
pulp, processing water)
biodigestion or composting
programs to create additional

through

revenue streams and maximize

resource utilization

5.2.3 Quality Assurance and Certification

www.ijesat.com

Establish
protocols (tensile testing, thermal
analysis, water solubility evaluation)
product

mechanical testing

as  standard quality
checkpoints

Obtain biodegradability certification
from recognized organizations (e.g.,
OK Compost

certification)  to

Vincotte,
INDUSTRIAL
enable and

marketing  claims

regulatory compliance
supply
transparency documentation linking
products to specific processing
batches and quality metrics

Implement chain
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e [Establish customer service
infrastructure to address
performance inquiries and

troubleshoot applications
5.3 Future Research and Development
Priorities
1. Composite and Blended Systems:
Investigate starch:PLA (70:30) and
starch:PHA (70:30) blended
formulations to enhance mechanical
properties while retaining
biodegradability; characterize fiber-
reinforced starch-based composites
using cellulose fibers at 10-20%
loading levels
2. Life-Cycle Assessment: Conduct
comprehensive LCA  comparing
starch-based film production with
conventional plastic and established
bioplastics across raw material
extraction, processing,
transportation, use phase, and end-
of-life scenarios, quantifying climate
impact, water footprint, and resource
depletion metrics
3. Barrier Property Enhancement:
Develop surface treatment and
multilayer coating strategies to
enhance oxygen and water vapor
barrier properties, enabling
expansion into extended-shelf-life
packaging applications currently
dominated by conventional flexible
films
4. Industrial Composting
Compatibility: Conduct industrial-
scale  composting  trials  in
operational municipal compost
facilities to  verify  complete
biodegradation timelines,
environmental conditions, and end-
product quality; develop composting
facility operational guidance
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5. Regulatory Harmonization:
Engage with relevant standards
organizations (ISO, CEN, national
regulatory bodies) to develop formal
bioplastic standards specifically for
starch-based materials, establishing
consistent product definitions and
compostability requirements

5.4 Implementation Timeline and
Milestones

Months 1-6: Detailed engineering design,
equipment procurement, facility construction
authorization

Months 6-12: Equipment installation,
process commissioning, quality assurance
protocol  validation, initial production
batches

Months 12-18: Production scaling to design
capacity, market development, regulatory
certification acquisition

Months 18-24: Commercial operation at
nameplate capacity, cost optimization,
product line expansion into specialty
applications

Year 3+: Capacity expansion, secondary
facility development, product diversification
(blended polymers, specialty formulations)
5.5 Concluding Remarks

The production of starch-based bioplastics
from potatoes represents an emerging
technology platform  with  substantial
potential to address global plastic pollution
while creating value for agricultural sectors
in  developing  nations. = Combining
straightforward chemistry, accessible raw
materials, established
infrastructure, and rapid environmental

manufacturing

biodegradability, potato-starch bioplastics
occupy a distinctive market position
emphasizing simplicity, sustainability, and
economic accessibility.

Successful implementation requires
coordinated engagement of agricultural

sectors, equipment manufacturers, regulatory
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organizations, and consumer markets, but
the convergence of technical feasibility,
economic attractiveness, and environmental
necessity positions starch-based bioplastics
as a high-priority intervention in developing
sustainable packaging systems globally. The
pathway from laboratory research through
commercial-scale production—demonstrated
in the present study—is sufficiently direct
that rapid market deployment is achievable
within 2-3 year horizons for adequately
resourced ventures.
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