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Abstract

Bio plastics products have a rapid growing demand and market across the
globe. Polymers synthesized from renewable resources have gained immense
popularity, in numerous applications ranging from films, bottles, food pack-
aging, drug delivery, bags to agriculture mulch films. Various naturally oc-
curring resources available for starch and PLA extraction and the associated
polymer processing techniques are discussed. Alongside some basic concepts
on blown film extrusion, the modifications needed for such specialized poly-
mer processing techniques are also explored, giving a comprehensive outlook
on bioplastics. Special process analysis, for its application as films are dis-
cussed. In the current scenario, as the world aspires for environmental and
polymer sustainability, Bioplastic products are of high value. The review ar-
ticle would be beneficial to those embarked on designing bio-plastics prod-
ucts from renewable resources.
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1. Introduction

One of the greatest inventions in the twentieth century can be undoubtedly
stated as plastics. The advantage of plastics being light weight also paves the way
for its widespread pollution occupying a large area in landfills. Further, plastic
add to the litter problem for land and sea alike. With the expansion of advertis-
ing propagandas, companies have started to perpetualize a concept of sustaina-
bility in almost all their products and establish their products as “green prod-
ucts”. It ranges from the big players in the cloth industry to various companies

in paint industry and construction materials who claims to have complete bio-
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renewable resources in their base formulations. Sustainability is stated as “meet-
ing the needs of the current generation without compromising the ability of fu-
ture generations to meet their needs” by the 1987 United Nations Conference
[1]. The concept of green chemistry and green engineering also has come up in
the horizon of polymer sustainability. Green chemistry gives importance to the
elimination of use of toxic and hazardous materials [2] whereas green engineer-
ing aligns itself to design better environmentally friendly products and alterna-
tives for conventional products [3]. Life Cycle assessment (LCA) is also one of
the key and essential analyses to study the environment impact and greenhouse
gas emissions of the process, products, and systems. Advantages of LCA include
a thorough and worldwide established approach to eventually analyze the out-
come of environmental impacts of processes and products in terms of measura-
ble outcomes [4].

Bio based, biodegradable and recycled plastics are referred to as the sustaina-
ble plastics. Among its sustainable prospective, using bioplastics made from re-
newable resources and incorporating a sustainable manufacturing processes with
lower carbon footprint and energy are just few of the many initiatives. Bioplas-
tics are now widely used, and the best example would be the new Dasani “plant
bottle” commonly seen in USA which is made up of 30% plant material with Po-
lyethylene Terephthalate (PET) being the other component. 100% corn starch-
based bottles are also in the market, like the Pimo water bottles [5]. Few of the
points against bioplastics can be the use of toxic pesticides sprayed on crops. Use
up of fossil fuels, if not in making bioplastic, are still inevitable for powering
plants and further, there is carbon dioxide emissions from harvesting vehicles.
Amidst a strong tide of plastic pollution and the far cry for banning plastic
products, Bioplastics have the potential to be a revolution in plastic industry. It
has the potential to reiterate the plastic industry into more environmentally sus-
tainable industry though it has few points constraining its commercial usage.
These constraints need to surpass for bioplastics to be used as a viable replace-
ment of many conventional plastics. A thorough understanding of the bioplas-
tics is thus highly valuable and is the need of the hour.

Bioplastics are broadly classified into two main categories [6]. They are divided
into biodegradable (compostable) plastics and bio-based plastics. The division is
primarily based on the source and life cycle perspectives. Plastics derived from
renewable resources which are either bio-degradable or non-biodegradable, come
under the scope of bio-based plastics. Plastics that fulfills the requirement of
biodegradability and compossibility are referred to as the biodegradable plastics.
Three main classes of biodegradable materials are widely recognized. First among
them is the synthetic polymers from the nonrenewable resources which are highly
susceptible to the hydrolysis attack. Second is the naturally occurring bacterial
polymers like the Polyhydroxybutyrates and Polyhydroxyvalerates. The third
class is the one of the primal focus of this paper, biodegradable polymers, or bi-
oplastics from renewable resources. They include cellulose, starch and polylactic

acid which are among the most investigated [7]. However, a plethora of certifi-
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cation and standard norms need to be followed before it is categorized into the
bio-plastic strata [8]. In the 2009 guidelines for sustainable plastics, Sustainable
Biomaterials collaborative based in Washington DC defined bioplastics as, sourced
from sustainably grown such that there is no hazardous or toxic inputs and im-
pact elements. Additionally, it should also be environmentally safe to use and
should possess the scope of reutilizing at the end of their life cycle [9]. Starch &
Polylactic acid (PLA) is undoubtedly two of the most extensively studied biopo-
lymers, even to a full life cycle assessment study. Various research work has been
carried out regarding the lesser radiation to environment by the reduced carbon
emissions [10] and the lower energy needed to produce such biopolymer pellets
[11]. Demands of such a category have its root to the recent changes and the

wave of sustainability in the society.

2. Renewable Resources for Bioplastics

Any polymer made from natural ingredients (starch, corn, tapioca, rice, sugar-
cane), oils (soya, palm or linseed) and fermentation products (Polyhydroxybu-
tyrates (PHB), polylactic acid (PLA) and polyhydroxyalkanoate (PHA)), come
under the category of bio-based polymers [12]. Most common among them are
the PLA, PHA and TPS (Thermoplastic Starch). They are used in packaging in-
dustry, for containers, bottles, films, sheets, trash bags and agricultural munches.
Before, we discuss on the bio sourced plastics, let us look at the conventional
side in a jest. Conventional plastics are also produced from organic resources
like bio-based PE and bio-based PET resins [13]. From sugarcane and other
agricultural products, bioethanol is produced which acts a s a precursor to both
bio-PP and bio-PE production [14]. Bio based PET is manufactured from Me-
thylene ethylene glycol (MEG) and terephthalic acid from sugar, starches and
cellulose based materials using isobutanol and para xylene intermediates and se-
lective Co/Mn catalysts [15]. sugarcane waste or bagasse contains majorly cellu-
lose which has glucose in crystalline structure [16]. They are used as paper
products through modified paper pulping process [17]. Bagasse based food ser-
vice products can thus serve as a replacement to the Styrofoam products. Fur-
ther, with PLA/PHA coating, enhancement of water barrier properties is also
possible [18]. Among the petroleum-based biodegradable polymers, the most
common are the Eco flex®, ecovio®, and PCL can be processed into plastic bags
[19]. Polycaprolactone PCL produced from ring-opening polymerization of
e-caprolactone and Poly (butylene succinate) which is a poly condensation reac-
tion of butanediol and succinic acid using catalysts, are additives blended with
TPS or PLA to produce plastic bags and containers. PBS can also be injection
molded into products at an injection pressure of 90 bar, barrel temperatures be-
tween 140°C and 160°C, and mold temperature of 20°C [20].

2.1. PHA

PHA based polymers can be made from innumerous monomers which are de-
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rivatives of poly(4-hydroxybutyrate) (PHV) and poly(3-hydroxyalkanoates) (PHB)
and are later harvested from the cells of bacteria [21] It is attributed to the hy-
droxy repeat units formed by the fermentation of bacterial with sugar, forming
linear polyesters [22]. PHA has similar properties as Polypropylene (PP) and can
be injection molded to products like bottles, containers etc. at a temperature
range between 160°C to 190°C. Below 160°C the viscosity is too high and above
190°C, PHA tend to thermally decompose [23]. Mirel P is one example of PHA
product industrially manufactured [24]. Extrusion of PHA polymers are also
possible (Tianan PHA products) but are added with additives and nucleating
agents in twin screw extruders with 40:1 Length to diameter ratio while com-
pounding. These concepts will be discussed in detail in the successive sections
[25]. Switch grass can also be genetically modified to produce PHA and used for
bioplastic manufacturing.

2.2.PLA

PLA is the most important biopolymer in the market. Chemically, Polylactic acid
is an aliphatic polyester which can be derived from natural resources like starch
and sugar. PLA has the largest amount of biopolymer processed across the globe
and thoroughly studied by polymer scientists. To manufacture PLA, the first step
is the harvesting and isolation of corn followed by conversion of starch into dex-
trose. This glucose is later fermented to lactic acid with the aid of bacteria and
are polymerized into PLA pellets [26]. However, there is also a possibility of
producing PLA using spent grains and organic wastes as reported by various au-
thors [27]. Chemical synthesis routes are also possible. They include lactonitrile
hydrolysis by strong acids, propylene glycol oxidation, acetaldehyde based chemi-
cal reactions [28]. High molecular weight PLA are manufactured by either lac-
tide ring opening polymerization, direct or azeotropic dehydrative condensation
polymerization [29]. They are copolymers of PLLA (poly (L-lactic acid)) and
PDLLA (poly(l-lactic acid) [30]. Even though Tg and Tm depends on molecular
weight and polymer optical purity, it ranges to 60°C and 150°C respectively. The
high molecular weight melts of PLA follow a pseudoplastic, non-Newtonian be-
havior whereas low molecular weight PLA follows Newtonian flow [31]. Me-
chanical properties of PLA align to that of the PET plastic and it can be precur-
sor to produce bioplastics through all the polymer processing techniques like in-
jection, extrusion, and blow molding. All the conventional polymer processing
techniques is possible with PLA with minimal modifications [32]. Further, it also
resembles the barrier properties of PET against organic permeants. Using barrier
properties, most common processing technique involves the melt processing by
which they are processed and shaped to desired from lowering their melting
temperature including disposable cutlery is, melt spun fibers for textiles, bottles
etc. However, drying is a key factor in PLA production with 4 hours of stan-
dard desiccant drying conditions at 45°C for amorphous PLA and of 2 hours at

60°C for crystalline PLA. Thermal degradation is also one of its processing con-
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straints [33].

2.3. Starch

Starch is inherently reported as one of the largest natural polymers known. Even
though the first development of starch based biodegradable plastics date back to
1970’s, its coherent water susceptibility held down it being a top-notch research
field. However, the need for environmentally friendly products have steered the
research ranging from plant physiology to its plastic product performance. Being
a major reserve material for polysaccharides, it is present in the photosynthetic
tissues in plants storages like seeds, roots, tubers. Further, it is also the principal
source of dietary calories to human populations. Amylose (25%) and amylopec-
tin (75%) forms its main two polysaccharide components with very small con-
centrations of lipids and proteins [34]. They differ in the composition and are
diverse in their properties, characteristics and molecular structure depending on
their sources. With 1 - 4 linked d glucose units and molecular weight as high as
10 million, amylose forms a predominantly linear polysaccharide. With same
backbone but molecular weight around 50 million and 5% 1 - 6 linked branches,
amylopectin is a very highly branched polysaccharide. The structures ofamylose
and amylopectin are shown in Figure 1.

The decomposition temperature of starch (200°C - 220°C) is lesser than its
melting temperature (240°C) and therefore starch cannot be reprocessed into
polymers in its native starch granules form. Modifications are this required be-
fore processing. To be duly processible, gelatinization needs to be carried out
[35]. Breakdown of inherent multilevel structures present in starch is referred to
as the gelatinization. A phase transition occurs from an ordered granular struc-
ture into a disordered state when the starch granules are heated in water due to
elimination of the semi-crystalline region. As reported in literature [36] alter-
nating amorphous and semi crystalline shells are first seen, that develops into
lamellas and end up as macromolecular chains. 15% - 45% crystallinity is gener-
ally seen in starch polymer systems. During extrusion processes, the water acts
as a volatile plasticizer in thermomechanical input and starch is thus gelatinized
and de structured [37]. The starch so obtained is referred to as the Thermoplas-

tic starch (TPS) which is in huge demand for varied applications.
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Figure 1. Chemical structure of Amylose and Amylopectin [32]. Source: Datta R, Henry
M. Lactic acid: recent advances in products, processes, and technologies—a review. |
Chem Technol Biotechnol 2006; 81: 1119-29.
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TPS can be produced from starch, corn, potato, rice, oils etc. and can be im-
plemented into bioplastics through the common polymer processing techniques
with few plasticizers like water and glycerol etc. Some of the preprocessing aux-
iliary processes include steeping of cleaned corn, evaporation, Sulphur dioxide
addition, germ separation, drying and storage in silo. The sources from which
TPS can be processed is innumerous owing to the vast and widespread availabil-
ity of starch content in many of the naturally occurring resources. Potato, cassa-
va, corn, rice, jackfruit, carrageen’s, roots, and tubers are just few of the areas
extensively researched upon. The following discussion pans around all such
sources reported and its characteristics in each system [37].

Jackfruit is a tree of moraceae family commonly found in tropical and sub-
tropical regions in India, Bangladesh, and southeast Asia. Among the 500 seeds
in a single fruit, starch content amounts to 15% [38]. High amylose content 30%
is reported. It has higher gelatinization temperature and thermomechanical
shear tolerance as compared to potato and corn starches [38]. Using casting
technique, film of thickness 0.099 to 0.155 mm was produced with different
concentrations of glycerol as plasticizer. Some of the features observed included
Low opacity, relatively high mechanical stability, and moderate water vapor
permeability (WVP) [39]. Rice is another low-cost starch resource (90%) serving
as a principle staple of half of the world population [40]. During processing of
rice, broken entities constitute the rice flour which are processed into biode-
gradable films by various researchers [41]. Using casting technique and sorbitol
and glycerol as plasticizers, films were produced. It was observed to have com-
pact structures, with similar mechanical properties and higher WVP with sorbi-
tol (almost double) as compared to other starch films [42]. Citric acid and pectin
are also used as plasticizers [43]. Biodegrability and mechanical properties were
comparatively increased using citric acid as plasticizers (48.7% in 15 days).
However, it reduced the water absorption and water solubility [44]. Mixing of
rice starch with kappa carrageenan’s increased the hygroscopic properties and
transparency to that of normal rice starch films. Possibility of edible films using
the same approach are also reported [45]. Potato is also one of the key sources
from which starch can be extracted. It is carried out through alkali, water or en-
zymatic extraction method and the bioplastic film was produced from it in a sin-
gle screw extruder (SSE) as reported [46]. It showed similar properties as com-
pared to the other starch films with enhanced load resistance [47]. Biodegrada-
ble Films can also be prepared using cassava starch, raw and acetylated using
thermo-pressing [49] technique. It is reported to have comparative properties as
that of other starch films. However, films made from raw cassava starch showed
higher transparency and traction to friction in addition to a non-sticky, shining
and transparent film [48].

Apart from edible starch sources, Nonedible roots and tubers can be a viable
source for starch extraction [50]. Examples include oyster mushroom, diosco-

reavillosa (wild sweet yam), Icacinatrichantha (false yam), Caladium bicolor
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(wild cocoyam) with 49.3%, 59.4%, 82.8%, 86.7% starch content and gelatiniza-
tion temperature of 77, 71, 80, 81 respectively [51]. High percentage of amylose
was seen in false yam (40.2%) and oyster mushroom (56.7%), higher than of
cassava starch reported (31.2%) [51]. Further, higher amylose consecration was
seen in wild cocoyam (88.9%) and wild sweet yam (84.6%). Highest amylose
content variant showed the best properties for packaging applications [52]. Some
literature even shows the venturing into animal fat and lipids [53] in addition to
the protein resins, plant lignin and cellulose for bio-plastic production. Using
biosynthetic routes for genetically modified starch are also possible but the reg-
ulations are very stringent and limits its applicability [54]. The multifaceted re-
quirements in polymers used in specialty applications poses number of changes
and constraints [55]. Starch extraction from the abovesaid natural resources are
possible and can be processed into bioplastics. The scrutinization process de-
pends upon the product application, cost, viable and available technology op-
tions, and performance requirements. In USA, starch is primarily extracted from

corn sources [56].

3. Processing

Processing of starch-based polymer, initially into TPE by plasticizers, followed
by extrusion process is both challenging and demanding sector. Wide availabili-
ty, low cost and total compossibility without any toxic wastes are few of its ad-
vantages [57]. Fermentation using biological routes are also seen to have appli-
cation in addition to wet million process. However, extrusion remains the best
processing technique for starch polymers as opposed to the injection molding
and other methods of processing.

In this review, bioplastic films manufacturing via blown film extrusion is ma-
jorly focused upon. Among the various factors that affect the polymeric mate-
rials properties, Molecular weight, viscosity, and crystallinity are critical factors.
Polymer chemistry and molecular structure coupled with bubble geometry in
blown film extrusion influences final film properties like clarity, impact tough-
ness and tensile strength. Polyethylene (PE) is majorly used for blown film ap-
plications amongst various other polymers. PE is easy to extrude and has good
heat seal properties [58]. Few other polymers commonly used for such end ap-
plications include PP, Ethylene Vinyl Acetate (EVA), Ethylene vinyl alcohol
(EVOH), Polyvinylidene acetate (PVDA) etc. They have specific traits and are
used for highly specialized applications. EVOH films offers better oxygen per-
meation resistance and EVA films offers better adhesion between layers. Addi-
tion of additives is also commonplace in blown film extrusion [59]. Anti-blocking
agents (Diatomaceous earth), Antioxidants, antistatic agents (Amines), colorants
(dry/liquid, color concentrates), lubricants (polymer processing aids PPAs), Rein-
forcements, fillers (mica, clay), stabilizers and Tackifiers (Polyisobutylene PIB)
are the commonly used additives to enhance and modify species polymer and

film properties. During extrusion plasticizers avoids the starch degradation, aides
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in gelation, decreases the processing temperature, increase the inter chain reac-
tions, reduces the glass transition of the polymers formed and reduces the poly-
mer interactions [60] [61]. Polysaccharide nanofillers improved material proper-
ties and nanoclay-based nano-bio composites provided matrix reinforcement
[62]. Most effective characterization methods were Nuclear magnetic resonance
NMR technique using diverse experiments on possible magnetic resonance [63]
in starch-based evaluation of varied amylopectin and amylose content.

Testing properties of the extrudate on the initial runs are very important in
optimization of product performance [64]. Several primary experiments are car-
ried out in shear and no shear conditions with low moisture content and shear
stresses for arriving and estimating a time needed to achieve steady molten
starch phase for practical industrial applications [65] [66]. Plasticized starch was
also observed to have shear thinning behavior with decreasing viscosity on in-
creasing shear rates and followed a power-law expression as described below
[67].

K =KO0 exp(E/RT —aMC - aGC —BSME)

where MC is the moisture content, GC is the Glycerol content, and SME is spe-
cific mechanical energy, T is temperature, E/R is reduced flow activation energy
and KO, a, B are coefficients that are used in the power law equation. To formu-
late starch products effectively we need to discuss structure property relationship
studies reported. Unfortunately, many of these studies have characterized suc-
cinctly or lack to state the proper test conditions to reproduce it. Nevertheless,
few of the studies does help us to note few key observations. Higher strength and
stiffness are seen in high amylose materials as compared to the high amylopectin
materials [68]. It shows that the polymer networking is a key factor. Among the
various starch modifications techniques reported in the literature, a few are dis-
cussed here, with potential to major repercussions in the industry. Amylose amy-
lopectin ratio modifications is the most common. It is depictive of functional
and granular properties like crystallinity, viscosity, and swelling power [69] [70].
This ratio also affects the thermal properties like the energy intake, viscosity in-
crease extent and transition temperature in gelatinization process [71]. A reduc-
tion in rapid Visco analyzer (RPA) peak viscosity and breakdown values were
observed in high amylose starch. A decrease in crystallinity and structural or-
dered of starch (double helix content) was observed due to the increase in the
starch content [72]. Mainly, during extrusion there are two mechanism that po-
lymer melt undergoes. It includes pressure flow and drag flow. Pressure flow
occurs when there is pressure variation between one end of the channel to other
inside a die and shear forces occurs during melt flow in extrusion [73]. When
there is an acceleration of melt along a flow stream, it is referred to as elongation
or stretching flow. In a blown film extrusion, this flow is more prevalent as it
occurs when the melt is emerging from a die and is simultaneously pulled by the
haul off equipment [74]. Various parameters influence the viscosity of the poly-

mer during this processing. Higher temperature increases the kinetic energy and
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melt viscosity of the system. Further, at higher shear rates, increased shear rate
also increases the melt viscosity. Molecular structure like molecular weight, mo-
lecular weight distribution and chain branching also influences the melt rheolo-
gy. Elongation viscosity increases with molecular weight at a given stress. Long
chain branches (LCB) gives rise to elongational thickening [75]. This phenome-
non is a notable characteristic of blown film extrusion as it is directly related to
having good melt strength. Melt strength is defined as the ability to pull the melt
from die as a bubble, without thinning out or tearing apart. It is a precursor to
overall bubble stability. Other key factors to consider includes the shear viscosity
in the processing profile, a good mixing element (distributive or dissociative),
screw design, branching and elongation viscosity of the polymer to be processed
[76]. Few basic polymer tests are required for a proper profile creation. Density
measurements are critical in an extrusion process as bulk density determines
probability of potential feed problems. Melt density in the extruder and solid
polymer density are also measured. Density-part cost relationship is necessary to
design a cheaper product. Melt flow index or rate (MFI/MFR) gives different
melt viscosity under a constant load and low shear rates. Universal testing ma-
chine (UTM) is generally used for testing tensile properties measuring the de-
formation resistance to stretching or pulling [77]. Measurements results include
tensile modulus which is the ratio of stress to strain, elongation at break, elonga-
tion at failure. Strength at yield and failure, toughness etc. using the stress strain
curves are also generated by UTM. Flexural tests using UTM measures the
bending resistance and is more important to a plastic part required to or support
or absorb load like that of the plastic rod or bumper beam. Heat deflection tem-
perature measures heat resistance and temperature where specimen deforms.
Further, long term heat aging, time-temperature tests, impact tests using Izod
and Charpy tests methods are basic tests performed. There are stated processing
recommendations for various resin systems as a generic guideline prior to pro-

cessing.

3.1. Extrusion

In an integrated process of extrusion of polymeric materials into finished prod-
ucts, extrusion is one of the components of the entire line. By far, it is the most
important and extensively used processing technique. Usually, TPS is manufac-
tured by adding the starch source (corn, potato, tapioca) into the gravimetric
feeder and then compounding through SSE [78]. Any extruder generally has five
major equipment components. It comprises of the drive system, feed system,
screw, barrel and heaters system, head and die assembly and the control system.
Each component has specific and distinct role to play in the entire process [79]
[80]. Biopolymers are hygroscopic and require the need of auxiliary equipment
to carry out the drying process. This is crucial as the undesirable moisture in the
extrusion temperature can degrade these polymers into lower molecular weight.

It leads to defects like holes, splay and thus deteriorates the performance proper-
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ties. In shaping and drawing process, some important factors to consider are the
draw ratio and the cooling rates. Draw ratio is directly related to the molecular
orientation which imparts higher tensile and flexural properties in machine di-
rection as compared to the transverse position [81]. Power required to heat the
polymer to the molten state from the feed throat can be calculated by the fol-
lowing equation. P = mCpAT + mAHfusion where m is the mass flow rate in ki-
lograms per hour, AT is the difference in temperature between the melt temper-
ature and feed in degree Celsius, Cp is the heat capacity in kilojoules per kilo-
gram per degree Celsius and AHfusion is the heat of fusion in kilojoules per ki-
logram for the polymer matrix. The SME was calculated as described by Leroy et
al. [82] as follows: SME = [T2rn/M60 dt where, n is the screw speed in rpm, T is
the torque signal at mixing time t and M is the loaded mass.

Many auxiliary equipment’s are in place for extrusion process like that of
blending systems including ribbon blender, twin cone blender etc. different feed-
ers including disk and vane feeder, drying equipment’s (oven drying, hopper
dryers and central lone, screen changers, gear pumps, granulators, chillers and
heaters [83]. During extrusion of PLA, with a melt temperature over 179a screw
L/D ratio of 24 - 30 and compression ratio of 2 - 3, it was reported to give the
best re-results [84]. Though limited by high production cost, PLA bottles are
manufactured by the injection stretch blow molding techniques ISBM [85]. PLA
sheets and films are manufacturing by casting processing with higher roller
temperatures of 25°C - 50°C and is reported to have higher surface energy(38
dynes/cm) as compared to the polyolefins films [86] Extrusion blow molding
with BUR ratio 2:1 - 4:1 and die temperature of 190 - 200’cis also a common
processing technique for PLA films. However, use of viscosity enhancers are re-
quired to increase their lower melt strength [87]. PLA fibers by dry or melt spin-
ning process are also used for increasing the breathability of a dress owing to
their higher water vapor transmission [88]. Blending of PLA is widely incorpo-
rated owing to the reduction of costs and enhancing properties like flexibility,
toughness, bursting strength and tear strength (garbage bags) [89]. Elastomer,
TPS, PEG, tributyl citrate are just few of the examples [90].

Both single screw extruder (SSE) and Twin-screw extruder (TSE) can be used
for starch-based polymer processing. If two extruder system is to be designed,
SSE is better in the second run as it can handle the high viscosity of starch poly-
mers and TSE can be used for raw starch because of its self-wiping capability
[91]. Reactive extrusion process is also gaining demand rapid production rates
and high conversion efficiency [92]. TPS is also reported to have processed using
twin micro-compounder having a conical twin screw extruder at 105°C and 100
rpm screw speed [93]. In terms of processing of starch by extrusion or com-
monly referred to as extrusion cooking by some industry, the water solubility
index (WSI) and the water absorption index (WAI) are two key factors for
technological assessment of extrudates [94]. WAI was reported to increase with

temperature rise in the barrel with maxima at 180°C to 200°C over which, WSI
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increased and WAI dropped. Compared to the wheat and corn starch, potato
starch required lower melting temperature [95]. For initiation of melting, max-
imum torque recorded was 80°C - 95°C for corn starch-glycerol mixtures, 78°C -
88°C for potato starch-glycerol mixtures and 78°C - 91°C for wheat starch-glycerol
mixtures mixed under 80 rpm. It also majorly depended on water content in the
specific samples [96]. Among the various studies conducted, with PASQUETTI,
an Italian design TSE with L/D = 5 screws diameter—45 mm, temperature of ex-
trusion 80°C and 140°C; pressure between 10 MPa and 18 MPa, TPS pellets were
processed and further sent to injection molding process with The injection speed
of 0.07 - 0.09 ms™}, injection time—3 s, and temperature between 100°C to 180°C
[97] Department of Food Process Engineering, Lublin University of Life Science
(PL) also conducted a study with screw plastic extruder of L/D = 35 by SAVO
Ltd Co., Poland. Later it was sent though a blown film process and Tg of ob-
tained product was 132°C for 15% glycerol and at glycerol level of 30%, the low-
est temperature of 18°C was reported [98]. Extrusion cooking is also used in
making starch-based foam materials for packaging during transportation. An
SSE of L/D = 12, temperature profile 80 - 140 and screw rpm 100 - 130, circular
die of 5 mm internal diameter was used in the process [99]. Among combina-
tions of starches and foaming agents used, potato starches with poly(vinyl) al-
cohol PVA and Plastron foam PDE as foaming agents showed the best results in
terms of cutting and compression tests [100]. Further, increased screw speeds
were seen to be more favorable. Higher efficiency and lower energy were re-
quired when potato starch was used with optimum screw speed of 100 rpm
[101].

Extrusion coating can also be regarded as one application of starch-based po-
lymers. From the literature reported, high extrusion coating line speeds can be
executed to make thin narrow necking coatings with good pinhole resistance
and better heat-sealing performances [102]. However, the WVBP, and adhesion
between starch and paper layer was observed to be inferior with a cracking ten-
dency which limits its applications [103]. As discussed, special considerations
are prerequisite for using conventional processing equipment to be used for
biopolymer processing. Such a study was reported for blown film and thermo-
forming process with PLA, PBS. A Duck bill die design to minimize sag between
die exit and primary gap of a roll, high output barrier screw and lower melt
temperature are few of the modifications implemented. Higher structural dam-
ages are accompanied with higher SME [104]. High level of plasticizer increased
the ease of disentanglement and decreased the density of the polymer entangle-
ments. Further higher temperature increased the polymer chain mobility. Many
rheological studies were carried out using a slit die viscometer attached to the
single screw extruder [105]. Strong shear thinning behavior was seen when the
glycerol water mixture was increased [106]. Amylose content increase also exhi-
bited a similar behavior. Natural polyols like sorbitol and glycerol are also re-

ported to be used as plasticizer in the starch systems [107]. Further discussion
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span around blown film process and attributes if its design.

3.2. Blown Film Extrusion

One of the most significant among the various polymer processing techniques is
blown film extrusion. Films are used as garbage bags, grocery sacks and in flexi-
ble packaging. To make thermoplastic film in large volumes, blown film process
is widely used and are coupled commonly with single screw extruders. One of
the striking factors of this process is that different diameter bubble can be blown
from the very same die. The entire layout of the process involves the upstream
components, grooved feed throat, screw, blown film dies, bubble geometry,
cooling and stabilization, collapsing frames, haul off, winders, treatment and
control. These factors need to be discussed individually to understand the design
concepts associated with the film processing. Maximum extrusion throughput
with minimal dimensional variations is the most vital factor be considered for
blown film system components. Crammer feeder can be used to grind the poly-
mer feed into a fluff to maintain constant feed pressure [108]. For blown film,
grooved feed throats are used in common. Grooved feed throat with helical
grooves machined into it increase the throughput. It also increases conveyance
rate of the polymer melt by minimizing feed/screw friction and maximizing
feed/barrel friction. Coupled with such a feed throat, usually a screw with low
compression ratio is used (<1). Since high viscosity polymer with high viscosi-
ty are processed, barrier flight is also used to prevent unmelts formation.
There are also auxiliary set ups for bubble stabilization (cages/irises), pre-flat-
tening frames (collapsing frames), haul off (to pull the film up from die) and
winders to collect the roll processed out [109]. In such a case, alterations like
lower compression ratio, good thermal barrier, high pressures and excellent
feed throat is necessary. Compression ratio is defined as the feed channel depth
divided by the meter channel depth. The extrude can flow through an annular
die and as the polymer is cooled, it forms a bubble or a tube which is vertically
pulled away from the die [110]. The schematic representation is shown by the
Figure 2 below.
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Figure 2. Schematic Representation of a Blown Film Extruder and its lab scale model.
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An air ring and internal bubble cooling solidifies the polymer melt. Film speed,
air flow and temperature difference usually determine the cooling rate. For
gauge control and uniformity, bubble stability is a key factor. Once is it cooled,
Bubble collapses in the forming tent using nip rolls simultaneously followed by
puller rolls. Nip rollers stretch the melt in the machine direction and internal air
pressure stretches the melt in a transverse direction. Usually a section called the
treatment center is added between the rolls and winder to modify polymer sur-
face polarity, for better adhesion. It depends on the slitting, lay flat and two lay
flat widths are attainable.

Lower MFI resins are used in blown film process with lower melt temperature
and bubble stability, cooling air temperature, frost line height, bubble sizing gage
and collapsing frame, winder, tension control and air flow are all critical para-
meters to be considered [111]. As discussed in earlier sections extruder through-
out is dependent on tower height, extruder capacity and resin melt temperature.
Air entering the bubble replaces air leaving the bubble once bubble is properly
inflated to maintain constant pressure within the bubble. Point where the film
changes to solid state from the melt exit, or the distance from die face to the
point where solidification takes place is called the frostline height. Bubble di-
ameter divided by the die diameter meeting the bubble expansion in the trans-
verse direction gives us the blow-up ratio (BUR). Collapsed bubble width before
slitting is the Lay flat width (LFW) and drawing in the machine direction in the
film tower is referred to as the drawdown ratio (DDR). Larger blow up ratio
would mean higher is the molecular orientation in the transverse direction with
decrease in drawdown ration [112]. Time required for the film to travel to the
frost line from the die exit is referred to as the time frame for expansion. Tensile
properties, toughness, flexural strength, optical properties are all affected by the
BUR. Take up ratio (TUR) is the ratio of film velocity to that of melt viscosity. It
is an indication of molecular orientation and amount of stretching in machine
direction and its always greater than 1.

Addition bubble geometry variables include die diameter, die gap, stalk, bub-
ble diameter (BD) and film thickness. Initial bubble diameter leaving the die is
the die diameter and initial bubble wall thickness is referred to as the die gap. As
the die exits the die gap; the upward velocity is referred to as melt speed and the
velocity of polymer through nip rollers are referred to as the nip speed. The
amount of air contained inside the bubble between die gap and nip rollers, known
as internal bubble pressure/internal bubble volume along with the nip, melt speed
and the cooling rate determines die geometry [113]. Generally, two types of bubble
shapes are selected for polymer processing depending on its intrinsic properties,
pocket bubble and high/long stalk bubble. While the former shape is used for
polymers having higher melt strength (HDPE) while the latter is used for poly-
mers having lower melt strength (LDPE). This way, until the polymer reaches a
lower temperature, TD stretching is delayed and thus increases bubble stability.

This is highly relevant in starch-based bioplastic film or a bioplastic film in gen-
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eral because they exhibit low melt strength. Among the line control, necessary
and accurate measurements of melt quality, film thickness, LFW, Frost line height
need to be done for property consistency and process uniformity. Laser gauges,
thickness gauges and even online infrared temperature measurement systems are
used in industry currently [114]. A balance is required between the molecular
orientation in the transverse and machine directions. A lower degree of branch-
ing in the polymer gives an easier draw down and lower density materials are
harder to wind. Low molecular weight fraction results in a higher melt tempera-
ture and lesser throughout. Further, high molecular weight fraction helps in eas-
ier draw down but with lower bubble stability [115].

Biaxial orientation and Capability of multi-layer high barrier properties for
food packaging are key traits of blown film process. With the common expan-
sion ratio between 1.5 to 4 times the diameter, draw down ratio is controlled by
changing the haul off speed forming a film in both the MD directions with
comparatively better properties [116]. In this process, PE is the most common
resin used along with PP, PA, EVOH etc. They are used with special adhesives
resin called tire layers for better gelling between layers. Industrial, consumer,
agricultural, lamination and barrier packaging are all the areas served by the
films so produced. In a critic review, it will be right to say that the low cost and
process flexibility are its positive traits while size variances and product limita-
tions are its constraints [117]. Four main functions constitute the bag making
process which involves feeding of the material, sealing, cutting and stacking.
Compounded TPS pellets can then be blown into a film at a blow-up ratio of 2 -
3 with 45 parts glycerol per 100 parts dry starch and 13 weight% moisture [118].
The compact extruder used was characterized by a 19 mm diameter and length
of 25D.

Injection molding is possible with TPS at barrel temperatures between 100°C
and 180°C [119]. Few advantages of this process are the lesser scarp, lower cost
of equipment, one die for many widths and good balance between transverse
and machine directions. Bags can be effectively manufactured and only one heat
seal at the bag bottom required [120]. It’s an advantage over cast film process as
it generally requires three heat seals. Since take off equipment is above extruder,
they are usually kept very close to the floor and more space for cooling is at-
tained and the dies are usually by roll around casts with die entrance on the bot-
tom. Co-extrusion is also getting global acclaimed wherein multiple polymer
melt streams are extruded out from a single die using concentric or stack coex-
trusion dies. The final applications are in breathable packaging, shrink film and
high barrier films. Double bubble system with lower TUR and BUR is used for
extruding PVDC polymer as it gives higher molecular orientation [121].

The Polymer Analysis and Simulation Software (PASS@) die flow collection
[122] provides a way to simulate three commonly used industrial dies, the spiral
blown film die, the mandrel pipe die, and the coat-hanger sheet or film die.

Blown film dies are predominantly constituted by using The Spiral Die Simula-
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tion. is extremely critical in film blowing, delivering a homogenous melt prop-
erty is greatly amplified through this process. A circular mandrel surrounded by
a die body is visualized as a typical spiral mandrel. Further, blown film extrusion
simulator by author Kirk cantor also serves as an excellent resource to get ac-
quainted with the blown film processing and its intricate process effects on the

final film.

4. Polymer Blends Based on Bio Sources

Among the TPS/Blend study, PLA was widely researched upon. TPS/PLA blended
biopolymers were studied in terms of viscosity and temperature rise by 100 - 900
s7! shear rate and temperatures (100°C - 180°C) and screw speed between 50 and
250 min a lab scale TSE and with and without additives. It was observed that
viscosity increased between 120°C and 140°C and then a decrease was seen be-
tween 140°C and 160°C, finalizing the plasticization temperature to be after
140°C [123]. PLA with compatibilizer enhances the shock resistance and shock
absorption capability and is reported to have been used by Mazda Corp in the
car parts of the RE Hybrid variant. PVA is also widely used as a blending com-
ponent with many starch sources like cassava, potato starch plasticized with gly-
cerol, urea etc. With a TSE having 20 mm screw diameter, 100 rpm screw speed
and temperature between 90 to 200 [124]. In films with higher PVA content,
lower opacity 23.8% to 42.9%, higher thermal stability and lower WVP were ob-
served whereas higher glycerol showed to be detrimental to the film properties
[125]. Critically reviewing the properties, we observe tensile strength of 2.6 - 11
MPA in case of Cassava starch/PVA as compared to 8 - 13 MPA in potato starch/
PVA and 70 TO 20 MPA in maize starch/PVA (10 - 40 WT%) films without
plasticizers. Regarding the elongation at break, Cassava starch/PVA ranged from
377% - 698% to 94% - 398% in potato starch/PVA to 7% - 48% maize starch
/PVA blends [126]. Tapioca/PVA/PHA blends have been studied by melt extru-
sion with Maleic anhydride as an added component. With 10.14% maleic anhy-
dride, 20.13% tapioca starch content and a 41.3 rpm screw speed, films of 16.4
MPa tensile strength and 13.2% elongation at break was obtained with 30.94%

water absorption. It was observed that increased MA content reduced WAL

5. LCA Analysis and Testing Involved

Among the comparison of LCA analysis of PLA, PHA and TPS per kilogram,
PHA exhibit a 50 GJ of energy, PLA 67.8 GJ and TPS with 48.3 GJ of energy
(Figure 3) [127]. In terms of carbon dioxide equivalence, PHA EXHIBITS A
0.26 kg CO; equivalence whereas PLA exhibit 1.24 CO, equivalence and TPS ex-
hibits 3.3 CO, equivalence [128]. PLA LCA are reported extensively, however,
very limited information is available in the LCA analysis of PHA and TPS Bio-
plastic production. LCA can be beneficial tool to evaluate the environmental
impacts of Bioplastic derived from PLA [129] [130]. An LCA cradle to grave anal-
ysis on PLA pellets branded as Ingeo® PLA is reported in the literature. Pollution,
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Figure 3. Factors evaluated in an LCA for PLA Production. Source: Sustainable Plastics:
Environmental Assessments of Biobased, Biodegradable, and Recycled Plastics, First Edi-
tion. Joseph P. Greene. © 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley &
Sons, Inc.
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waste generation and gas emotions were critically evaluated in this LCA. In all
above-mentioned processes there is electricity, steam, water, fossil fuels and oth-
er materials usage and ISO 14,040, 14,044 was followed for the LCA. To produce
1 kg of the product, 0.06784 GJ energy was consumed with Carbon footprint
being 1.24 kg carbon dioxide equivalent. 0.267 kg of solid waste was generated
and 48.78 L water was consumed.

Few of the film performance tests are discussed which needs to be satisfied for
a blown film. Tensile strength and elongation (ASTM D882) are tested in Uni-
versal Testing Machine and helps to evaluate the load carrying and stretching
capacity respectively. Tear strength (ASTM D1104, D1922) provides us the in-
formation on resistance to initiate of a tear or its propagation. In Impact resis-
tance (ASTM D1709, D3420) tests, perpendicular loads are applied to the pane
of film in both MD and TD. Stickiness in film can cause handling difficulties and
inconvenience, and thus blocking load (ASTM D3354) and friction coefficient
tedsts (D 1894) are very important. Small, hard globules occurring in film are
referred to as gel (fisheyes) and they act as stress concentration points. Tests (D
D351 and D3596) are utilized to measure the count. Some blown films require to
be effective in low temperatures in refrigerators (food packaging) or in outer
atmosphere (space) applications, thus the low temperature brittleness tests (ASTM
D1790) are necessary. Further, basic film tests like gloss (ASTM D2457), trans-
parency (ASTM D1746), haze (ASTM D 1003), density (ASTM D1505) are all
measured. Regarding the viscosity of the polymer, Tests by capillary rheometer
(ASTM D835) and Melt flow rate tests (ASTM D1238) showing the amount/

grams of melt extruded from it in 10 minutes are utilized [131].

6. Future Aspects

We have limited knowledge and literature available regarding the degradation

mechanism of bio-plastic films in the environment. One such study carried out
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very recently reported the effects of plasticizers and weather on its degradation
[132]. Degradation process involves the bio-assimilation of the polyesters which
is simultaneously followed by a biotic hydrolysis. This can be carried out by mi-
croorganism present in the soil (bacteria, fungi, termites, and worms) and biop-
lastics are thus broken down [133]. This microbial uptake rate doubled the de-
gradation rate if it was coupled with porous mist soils showing the effect of
moisture in terms of rainfall, relative humidity etc. [134]. A glycerol plasticized
cassava starch degraded within ten weeks (98.3%) and in high concentration of
water, it was disintegrated within 5 weeks (ASTM D3826-98) [135]. If we com-
pare the plastic bags to the paper bag, the total energy required for manufactur-
ing, water used, solid waste crated are all higher for paper bags [136]. There are
well established ASTM and ISO standard which states that a specific biodegrad-
able plastic should disintegrate sufficiently within 180 days of compositing in the
specified conditions [137].

Another important application biopolymer has gained huge demand lately is
for biomedical applications [138]. It is used as a coating for drug delivery and
bioabsorbable medical device materials because of its non-toxicity and comba-
bility with human tissues. PLA, Polyglycolic acid (PGA), and Polycaprolactone
(PCL) are the most common biopolymers used in medical devices [139]. Simple
esters are formed through hydrolysis in a non-enzyme route and the polymers
are later eliminated from body naturally via urine or normal cellular activity.
PLA is widely used as a replacement to titanium plates, screws, and metallic im-
plants [140]. It is bio-absorbable and do not erode into the bone structure. After
a case of major bone fracture, it has majorly eliminated the need of a second
surgery to take out the rod from the body [141]. PHA biopolymers has found its
use scaffolding for arteries [142]. drug delivery and tissue engineering.

Nature works based in the USA is the largest producer of PLA in the world
with a completely product certification [143]. Nova Mont from Italy is one of the
most important players in the market producing blends of TPS and polycapro-
lactone in the bio plastic industry. Ceroplast is an American company having a
36,000 MT TPS facility in Indiana. BASF too has entered this arena with their
starch bends called Eco flex. There is overall a surge in its production to 5800
thousand metric tons from a 200 thousand metric tons as reported in 2016 [144].
Plastic products heavy dependence upon fossil fuels is quite alarming. The per-
sistence of plastic pollution and the abundant solid wastes aggravates the prob-

lem.

7. Conclusions

Among the various natural sources, Starch is the most versatile raw material for
bioplastics with wide spectrum of products. Whereas PLA sources might have a
potential competition with human and livestock feed supply chain, Starch sources
can rely more on the low value byproduct wastes also. The performance para-

meters of such bioplastic films discussed are comparable to that the conventional
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plastic films. The negative impact due to lower melt strength is mitigated by the
process design modifications. Further, in bioplastics, adjustments are also needed
to accommodate barrier properties and brittleness. Using Polymer modifica-
tions, using specialized coatings and blending with other apt bio renewable re-
sources are just few approaches to overcome the many challenges. Selection of
the most appropriate source and technique for bioplastic processing depends on
product performance, cost, available technological advancements, feasibility, sus-
tainability etc.

The governments across the globe are imposing ban on single use plastic.
Many deem them as the major reason for plastic pollution. In such a scenario,
the growth of starch-based bio plastic is sure to happen at an exponential scale
very fast. There is requirement of additional research in terms of customer needs
focusing more on the starch sources, developing formulations for effective range
of application with good processability and polymer degradability. Also, many
dubious claims have come up in the industry misguiding biodegrability factor. It
is prevalent in terms of the products where blends are used with petroleum-
based products but claimed to be totally biodegradable. With the influx of these
products, it mandatory to put in strong tests and law making sure that specifica-
tions are met and are environmentally safe. The advantages of Bioplastic are in-
numerous the major being environmental suitability and sustainable factor. No-
velty of the research will arise once these shortcomings in bioplastic commercia-
lization are overcome by new technologies and innovative advancements.

Further, we can also overview the extensive demand and supply of bioplastics
all around the world portraying its very bright future. Such sustainable practices
will conserve resources for future generations. Environmental substantiality with
full thrust on polymer recycling and the use of bio renewable resources surely

paves way to the next big revolution in plastic industry.
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