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ABSTRACT

DESIGN AND ENGINEERING OF NOVEL STARCH - BASED FOAM AND FILM
PRODUCTS

By
Yogaraj Umesh Nabar
Novel hydroxypropylated high amylose corn starch foams were produced on a small
scale (~ 11-12 kg/hr) Werner Pfleiderer ZSK - 30 Twin Screw Extrusion (TSE) process
using water (as a plasticizer as well as a blowing agent) and poly(hydroxyamino ether)
(PHAE) as a functional aid. PHAE was successful in imparting mechanical strength and
toughness, cell integrity, weather and water resistance to the foam structure. The
optimum temperature, blowing agent content, and PHAE content were determined. The
density of the cylindrical foam extrudates obtained was 22-25 kg/m’, with a resiliency of
> 92%. The dynamics of the starch foam extrusion process were studied, which was
necessary for the steady state operation of the starch foam process for the optimized
formulation developed above. The moisture content and screw speed seem to be the most
destabilizing variables since they induce rapid responses in the process variables. Once
the dynamics of the starch-based foam process were investigated, a Power-law shear
viscosity model developed using a dual-orifice die was further used in the design of an
annular die, which was then successfully employed on an industrial scale (410-420 kg/hr)
twin-screw food extruder, Wenger-80, to manufacture foam sheets. The density of the
foam sheets was 27-30 kg/m’. The extruded starch foam sheets provided excellent
insulation properties in terms of its R-values obtained suggested better insulation
characteristics. Also, the dynamic cushioning data reveals that the starch foam sheets

provided decent cushioning or shock absorption properties. Different models involving
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finite difference and finite element techniques were employed to predict the cushioning
properties of the starch-based foam sheets produced. The cushion design was greatly
simplified, since the database required as input information on the cushion performance
had been drastically reduced, while its applicability to various drop conditions had been
greatly increased. Due to the discontinuation of the PHAE production, a new
biodegradable aliphatic-aromatic co-polyester PBAT was used in an attempt to develop
new starch-based foam formulations possessing properties that were equivalent (if not
better) to those obtained using the starch-PHAE formulation. High levels of starch and its
poor compatibility with the biodegradable polyesters lead to inferior physical and
mechanical properties. The use of the maleated PBAT as a compatibilizer between starch
and PBAT allowed the reduction of the density of resulting starch foams to ~ 21 kg/m’,
and improved the resilience from 84% to as high as 95%. Transesterification reactions
were carried out between thermoplastic starch (TPS) and PBAT to obtain PBAT-g-TPS
copolymer. TPS was also reacted with maleic anhydride to obtain a thermoplastic starch
maleate (MTPS) with a lower shear viscosity. This MTPS was also reacted with PBAT to
obtain PBAT-g-MTPS copolymers. Nano-scale reinforcing clay was introduced in the
PBAT-g-MTPS copolymer to improve its mechanical, thermal and barrier properties.
High performance formulations having superior tensile strength (5000 psi) and break
elongations (>800%) were obtained. Compatibilized PBAT-talc blends having exemplary
mechanical properties were also developed using transesterification catalytic systems.
These resins when employed as functional aids in the starch-based foam process provided
foams with densities as low as 17.5 kg/m’, and spring indices as high as 97% in certain

cases.
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Chapter 1

INTRODUCTION

1.1 Rationale

During the last century, a tremendous advance in the field of materials has been made
with the introduction of plastics. In today’s world, life without plastics is
incomprehensible. While plastics are strong, lightweight, inexpensive and easily
processable, they are not readily broken down by the natural elements in the
environment. This is of particular concern when plastics are used in single-use disposable
packaging and consumer goods. Thus, new products have to be designed and engineered
from “conception to reincarnation” incorporating a holistic “life cycle thinking
approach”. The impacts of raw material resources used in the manufacture of a product
and the ultimate fate (disposal) of the product when it enters the waste stream have to be
factored in the design of the product. This has opened up new market opportunities for
developing biodegradable and bio-based products from annually renewable resources, as
the next generation of sustainable materials that meets ecological and economic
requirements (1 — 5).

The use of annually renewable biomass as opposed to petrochemicals as the feedstocks
for the production of polymers, chemicals and fuel needs to be understood from a global
carbon cycle basis. Global warming is caused by an overabundance of carbon in the
atmosphere, in the form of CO,. Crude oil is pumped out of the ground and made into
gasoline, diesel and synthetic materials by the chemical industry. These polymers,

chemicals and fuels are used by manufacturers, cars and trucks, which release CO..






Plants and trees capture CO, through photosynthesis. Plants are then fossilized over
geological timeframes to give us new fossil fuels. This is your geological carbon cycling
process. The rate at which the carbon is captured is in geological timeframes — millions of
years — versus the timeframe the carbon is released, which is in biological timeframes —
years, at best, decades. This is the cause of the global warming which the Kyoto protocols
attempt to address. So the solution is to either reduce the use of fossil fuels via
efficiencies and limited usage but there is only so much that can be attained using this
methodology. Another approach is to use annually renewable crops like corn, soy,
wheat, etc. to make polymers, chemicals and fuels by the growing biochemical industry.
This approach will ensure that the rate of CO; capture is equal to the CO; release. This is
a huge positive environmental attribute. It’s important to note that even though it hasn’t
been ratified by the US, the Kyoto Protocols, or a reasonable facsimile, is in our future.
Furthermore, if we manage our biomass resources effectively by making sure that we
plant more biomass than we utilize, we can begin to start reversing the carbon dioxide
rate equation and move towards a net balance between carbon dioxide
fixation/sequestration and release due to consumption (4)).

Environmental regulations, societal concerns, and a growing environmental awareness
throughout the world have triggered a paradigm shift in industry to develop products and
processes compatible with the environment. In this regard, there is an interest in
developing and evaluating materials based on recyclable polymers, natural polymers and
degradable polymers. These include natural polymers like starch, cellulose, proteins,
synthetic biodegradable polymers like poly (e-caprolactone) (PCL), poly (D, L, or DL-

lactide) (PLA), poly (butylene adipate-co-terephthalate) (PBAT), poly (hydroxy esters)



(PHE), poly (hydroxy ester ethers) (PHEE) and their modified versions. Along with the
above mentioned polymers, the entire portfolio of biodegradable plastics are used in a
variety of applications ranging from packaging films, cutlery items such as spoons,
knives, forks etc., biodegradable packaging foams and many more. One such application
that is the focus of this work is biodegradable thermoplastic foam, specifically, those
used for insulation, surface protection, and cushioning.

Today’s petroleum-based foam plastic protective packaging is a $3 billion market in the
United States and growing 12% annually. This market is experiencing growing pressure
from existing and proposed environmental and disposal regulations, and market based
sustainability initiatives. It presents a major disposal problem for companies and
municipalities as it is lightweight and bulky and so does not lend itself to a viable
economic and environmentally responsible recycling operation due to expensive handling
and transportation costs. It is not biodegradable, which makes disposal in soil or
composting operations untenable. Further, issues such as sustainability, industrial
ecology, biodegradability, and recyclability are becoming major considerations in a
company’s product packaging design, especially with single use disposable packaging.
ISO (International Standards Organization) 14000 environmental management standards
are becoming a requirement in the market place and companies are actively positioning
themselves to secure certification. ISO 14000 is a voluntary program wherein a company
assesses the environmental impact of its products and processes and continuously strives
for improvement. As of 2001, there were 2,700 companies in North America with ISO
14001 certification — triple the number from 1999; and over 31,000 companies

worldwide.
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The U.S. Government has set the goal of tripling U.S. use of bioenergy and biobased
products by the year 2010. Meeting this goal could create an additional $15-20 billion a
year in new income for farmers and rural America, and reduce the environmental impact
associated with annual greenhouse gas emission by an amount equal to as much as 100
million metric tons of carbon (6). The U.S. Government has expressed the desire to use
its buying power to promote usage of biobased materials, as evidenced in Presidential
Orders 13101 and 13123 and the recently passed Farm Bill (7).

The U.S. Department of Agriculture (USDA) is developing guidelines to designate bio-
based products that can be procured by Federal agencies. There is, thus, a market need for
a, bio-based, biodegradable foam plastic packaging that can be safely and effectively
disposed of in soil or in composting operations, but retains all of the current foam plastics
performance requirements. Multinational companies, like Toyota, Sony, Nortel, General
Dynamics and Herman Miller are actively seeking new, environmentally responsible
foam packaging to replace existing petroleum based foams. In previous work, we have
reported on the rationale, design, and engineering of bio-based, biodegradable polymer
materials, specifically starch-based products (1-9).

Extruders are the most common machines in the Plastics Processing Industry. Extruders
have been used, in the traditional sense, to transform solid plastic into uniform melt, for
delivery to the next stage of processing. Various physical processes such as
devolatilization and blending have been carried out in extruders, primarily twin-screw
extruders involving commercial polymers like polyamides, polyolefins, and polyesters
(10). Various reactors (Batch, PFR, CSTR or a combination of these) have been used to

conduct chemical reactions that include polymerizations, polymer functionalization,



reactive grafting, etc. The concept of using extruders to perform the above mentioned
chemical reactions is novel and unique and is termed as “Reactive Extrusion” (11 — 22).
More specifically, reactive extrusion refers to the process of conducting chemical
reactions during the melt extrusion process. Discrete processes can be carried out in
specific modular segments of a twin-screw extruder whose screw configuration can be
tailored to meet the desired objective. The reaction times needed to achieve near
complete conversion need to be well within the residence times available in extrusion
operations (typically less than 5 minutes). The advantage of using extruders to conduct
reactions is as follows:

e Fast and continuous process.

e Solvent free, melt process.

e Control over residence time and residence time distribution (RTD).

o Integration of other extrusion ‘streams’ along with the polymerization process.

e Efficient devolatilization capability through the vent port.

e Modular in design and hence easy to scale up.
Interest in environmentally friendly materials has stimulated development of extruded
starch-based foams, as replacements for poly (ethylene), poly (styrene) and poly
(urethane) foams in packaging and insulation applications. Natural polymers like starch
by themselves do not lend adequate performance properties. Extruded starch foams are
generally water soluble, and their properties are sensitive to moisture content. However,
the use of synthetic biodegradable polyesters in combination with starch is expected to be
a viable alternative to providing fully degradable thermoplastic foam that has

performance properties similar to that of polyethylene/polystyrene.



1.2 Proposed Goals

This study targeted the design and engineering of a scale-up process for the extrusion of
starch-based foam sheets, for the reproduction of the results obtained on a laboratory
scale. The target applications were cushion packaging and insulation. Poly (hydroxy
amino ether) (PHAE), supplied by Dow Chemicals under the trade name BLOX 110, was
used as the performance enhancer for the starch foams. It further deals with the design of
new formulations involving a proprietary aliphatic-aromatic biodegradable co-polyester,
poly (butylene adipate-co-terephthalate) (PBAT) from BASF Chemicals. The polyester
exhibited phase separation from the starch and partially crystallized. PBAT was
chemically modified using maleic anhydride, by grafting reactive groups (anhydride) on
the polyester backbone in order to improve its compatibility with starch. It also targets
the design of a reactive extrusion process to modify starch using maleic anhydride and
the subsequent characterization of the modified thermoplastic starch. Finally, it deals
with the synthesis of biodegradable blends based on the above-mentioned biodegradable
polyester with modified starch and other inorganic fillers, and their use as performance

enhancers in extruded starch foams.



1.3 Specific Objectives

1.3.1 Goal

“Design and engineer a thermoplastic starch product that can be foamed to provide a
closed cell structure that is capable of good protective cushion packaging as substitute
for Polyethylene (PE) based foam packaging — Additionally the product must have

sufficient water resistance, flexibility, low density, resilience.”

1.3.2 Problem Statement

Starch, an anhydroglucose polymer from corn, offers a structural platform to manufacture
sustainable, biodegradable foam packaging. Starch granules, however, exhibit
hydrophilic properties and strong inter-molecular association via hydrogen bonding due
to the hydroxyl groups on the granule surface. This strong hydrogen bonding association
and crystallization leads to poor thermal processing since the melting temperature (Tp,) is
higher than the thermal decomposition temperature, and degradation sets in before
thermal melting. The hydrophilicity and thermal sensitivity renders the starch molecule

unsuitable for thermoplastic applications.

1.3.3 Objectives of this research

I. Using water as a plasticizer and blowing agent to produce cylindrical foam shapes
and sheets, employing a twin screw extruder as the reactor of choice. The polar
molecule of water helps in breaking the hydrogen bonds involved in the starch
macromolecule, due to the hydroxyl groups present, thus breaking down the

granular, crystalline structure, and imparting flow properties.



II. Use functional aids to improve the physico-mechanical properties of the starch
foams, such as lower densities, resilience (spring index), flexibility, humidity
resistance, and an aesthetic appeal. The type of starch selected for this foams
application was hydroxypropylated high amylose corn starch based on its superior
physico-mechanical properties. The functional aid considered in this case was
poly (hydroxy amino ether) (PHAE). PHAE offers the adhesion and durability of
epoxy resins with the flexibility and processability of thermoplastic resins.

A. Optimization of all processing parameters such as moisture content
(plasticizing and blowing agent), temperature, PHAE (functional aid), talc
(nucleating agent), and the screw speed (minimizing the mechanical
energy input, though maintaining lower densities and good mechanical
properties).

B. Characterization of the starch foam products obtained on the lab- scale in
terms of their density, expansion ratio, specific length, cell size and
structure, and other mechanical properties.

C. Black-box modeling of the starch foaming process, in order to develop
process control strategies and also to determine the most influential
variable on the stability of the process. Transient modeling of the starch
foam extrusion process, using step tests on primary variables such as
starch feed rate, moisture content, screw speed, and PHAE feed rate. To
measure the response of the process through pressure and torque records.

D. Development of a viscosity model necessary for the design of an annular

die for the production of starch foam sheets on a manufacturing scale. The



variations in moisture content, temperature, PHAE content, and screw
speed (Specific Mechanical Energy, SME) are considered in the
determination of the viscosity model.

E. Scale-up of the starch foam extrusion process to produce starch foam
sheets using the above-designed annular die on a manufacturing scale
twin-screw extruder.

F. Determination of the cushioning and insulation properties of the starch
foam sheets for the respective target applications.

G. Numerical simulation of the drop test method for the prediction of the
cushioning properties of the starch foam sheets using a finite difference
formulation.

III. Development of functional aids which serve as alternatives to the current polymer
PHAE. Preliminary studies were carried out using a few biodegradable polymers
as functional aids. Poly (butylene adipate-co-terephthalate), a biodegradable
aliphatic-aromatic co-polyester provided promising results.

A. Reactive blends based on modified biodegradable polyesters and
thermoplastic starch. The polymer needs to be modified due to its
incompatibility with starch.

1. Reactive modification of PBAT in a twin-screw extruder using maleic
anhydride to form maleated poly (butylene adipate-co-terephthalate) (MA-
g-PBAT).

2. Reactive modification of corn oil in a 2 L Parr reactor using maleic

anhydride to form maleated corn oil (MCO).
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3. Reactive modification of PBAT in a twin-screw extruder using maleated
corn oil to form modified PBAT (MCO-g-PBAT).

4. Characterization of the MA-g-PBAT and MCO-g-PBAT using Thermal
analysis such as Thermo-Gravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC), Fourier transformed Infra Red Spectroscopy
(FTIR), Size Exclusion Chromatography (SEC), and Intrinsic viscosity
measurements.

5. Foam extrusion studies using MA-g-PBAT and MCO-g-PBAT as
compatibilizing agents between the polyester and starch.

6. Characterization of the foams in terms of their density, expansion ratio,
specific length and mechanical properties such as compressibility and
resilience.

B. Reactive modification of starch in a twin-screw extruder using maleic
anhydride to form maleated thermoplastic starch (MTPS).
C. Reactive blend of PBAT with MTPS in extruders, to give PBAT-g-MTPS.

1. Foam extrusion studies using PBAT-g-MTPS as a compatibilizing agent
between the polyester and starch.

2. Characterization of the MTPS and PBAT-g-MTPS using Thermal analysis
such as Thermo-Gravimetric Analysis (TGA) and Differential Scanning
Calorimetry (DSC), Fourier transformed Infra Red Spectroscopy (FTIR),
Nuclear Magnetic Resonance (NMR), and Intrinsic viscosity

measurements.
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3. Characterization of the foams in terms of their density, expansion ratio,

specific length and mechanical properties such as compressibility and

resilience.

D. Blends of PBAT with talc, and their use as functional aids in starch foams, for

effective distribution of the nucleating agents in the starch matrix.

1.

Modification of PBAT to improve compatibility (or grafting) with talc,
and hence improve the mechanical properties (tensile strength and
elongation).

Characterization of the blends using Thermal analysis such as Thermo-
Gravimetric Analysis (TGA) and Differential Scanning Calorimetry
(DSC), Fourier transformed Infra Red Spectroscopy (FTIR), Size
Exclusion Chromatography (SEC), X-Ray Photoelectron Spectroscopy
(XPS), and Intrinsic viscosity measurements.

Use of these reactive blends as functional aids in the production of starch
foams for improved physico-mechanical properties.

Characterization of the foams in terms of their density, expansion ratio,
specific length and mechanical properties such as compressibility and

resilience.

1.4 Organization of the Thesis

The thesis is composed of several chapters, each of which individually addresses the
work that has been done in relation to the specific objectives outlined above.
Chapter 2 deals with the existing starch foam technology and the optimization of the

process variables such as type of starch used, process temperature, plasticizing/blowing
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agent content, PHAE content, nucleating agents, and the foaming screw configuration
among others. It is crucial to operate this optimized process under the much needed
steady state conditions. Chapter 3 deals with the development of control algorithms using
step changes manipulated input variables such as the starch and PHAE feed rates, the
moisture content, and the screw speed of the twin-screw extruder; and monitoring the
response of various process variables such as the die pressure, motor load (torque) on the
extruder, and the specific mechanical energy (SME) for the starch foam product. Chapter
4 deals with the development of a starch-PHAE blend shear viscosity model, which is
essential in the design of an annular die for the scale-up of this existing technology to
produce starch-based foam sheets using the optimized variables. In Chapter 5, the
cushion curves for the starch foam sheets were predicted using finite difference and finite
element methods, and were compared to the experimental data. Chapter 6 deals with the
selection of a new performance enhancer, as a substitute to PHAE; resulting from the
discontinued production of PHAE by Dow Chemical. Certain synthetic biodegradable
polyesters such as PCL and PBAT, natural polymers such as Cellulose Acetate (CA) and
Methylated Pectin (MP), poly (vinyl alcohol) (PVA), and cross-linkers like glyoxal were
used, in an attempt to improve the physical, mechanical, and hydrophobic properties
(dimensional stability and weight gain in the presence of moisture) of the starch foams.
PBAT gave the best results in terms of physico-mechanical properties, and low densities.
Chapters 7 and 8 involve modification of PBAT in an attempt to graft certain reactive
groups on the polyester backbone and thus, improve the compatibility between the
polyester and the starch for an enhancement in properties of starch-based foams. The

modified polyester can be used as a compatibilizer. Chapter 9 deals with the synthesis of

12



MTPS by reactive extrusion and its subsequent characterization using Thermal analysis,
Fourier transformed Infra Red Spectroscopy (FTIR), Nuclear Magnetic Resonance
(NMR), and Intrinsic viscosity measurements. Chapter 9 also deals with synthesis and
characterization of biodegradable compositions based on reactive blends of the above-
discussed biodegradable polyester with MTPS and other optional inorganic fillers
(nucleating agents). Also, nano-clay was incorporated in these blends for improved
mechanical and barrier properties. These reactive blends are further used as
compatibilizers between the starch and the polyester. Chapter 10 involves the study of
compatibilization between the polyester PBAT and an inert filler such as talc, thus
improving the mechanical properties (tensile strength and elongation). Summary and
Conclusions are outlined in Chapter 11 and recommendations for future work are

discussed in Chapter 12.
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Chapter 2

STARCH-PHAE FOAM TECHNOLOGY

2.1 Abstract

Cylindrical starch foam shapes were produced on a small scale (~ 11-12 kg/hr) Wemer
Pfleiderer ZSK - 30 Twin Screw Extrusion (TSE) process using water, which functions as
a plasticizer as well as a blowing agent. The properties of the starch foams depend on the
type of starch used (hydroxypropylated high amylose corn starch, 70% amylose), the
amount of water and additives (poly (hydroxyamino ether)) (PHAE) used, and extrusion
conditions such as temperature and the screw configuration. PHAE offers the adhesion
and durability of epoxy resins with the flexibility and processability of thermoplastic
resins. PHAE was successful in imparting mechanical strength and toughness, cell
integrity, weather and water resistance to the foam structure. The purpose of this work
was to study the effects of the extrusion (melt) temperature, amount of water added and
the screw configuration on the density of starch foams. The water externally added was
varied from 3% to 12%, while the poly (hydroxyamino ether) (PHAE) content was varied
from 3% to 15% of the starch used (on a wet basis). The foaming was carried out at melt
temperatures in the range from 85°C to 145°C. A match of material properties with
process engineering conditions was achieved to facilitate the control of expansion to a
structure with valuable commercial properties. The effects of processing conditions on
the foaming process were studied using a Werner Pfleiderer ZSK - 30 Twin Screw
Extruder (TSE). The optimum temperature, blowing agent content, and PHAE content

were determined. The density of the cylindrical foam extrudates obtained was 22-25

16



kg/m’. The screw configuration, temperature and pressure profiles, additives affected the

morphology, Expansion Ratio, resilience and compressibility of the product.

2.2 Background

Foaming consists of generating tiny gas bubbles in the polymer melt phase in order to
produce lightweight materials without sacrificing mechanical and physical properties of
the polymer. The final foam products usually possess better insulation properties, as well
as higher degrees of impact resistance in the presence of gas bubbles in the polymer melt.
Plastic foams are materials that comprise a cellular core structure created by the
expansion of a blowing agent. A physical or chemical blowing agent can be used. When a
physical blowing agent is used it dissolves in the polymer under high pressure. In contrast
when a chemical blowing agent is used, it releases gas at a certain decomposition
temperature, and the released gas dissolves in the polymer.

When cell nucleation takes place in the extrusion foaming die, the cells grow and the
foam density decreases as the available blowing agent molecules diffuse into the cells.
The growth rate of the cells is limited by the diffusion rate and the stiffness of the
viscoelastic polymer/gas solution. In general, cell growth is affected primarily by the time
allowed for the cell to grow, the temperature of the system, the state of super-saturation,
the hydrostatic pressure or stress applied to the polymer matrix, and the viscoelastic
properties of the polymer/gas solution.

We have developed technology to manufacture starch foam products having the
resilience and compressibility of foam polystyrene, using water as the plasticizer and

blowing agent. The polar molecule of water helps in breaking the hydrogen bonds
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involved in the starch macromolecule, due to the hydroxyl groups present, thus breaking
down the granular, crystalline structure, and imparting flow properties. In this project we
are developing process engineering know how to make a portfolio of foam products with
control of cell structure, and die shapes.

Starch is inexpensive, naturally occurring renewable polymer that is a potential raw
material for the manufacture of plastic-like materials. In its granular form, starch has very
few uses, and in order to release the polymer properties, granule disruption
(plasticization) has to take place. Its use in plastic production would greatly reduce the
demand for petroleum as well as alleviate the negative impact on the environment caused
by discarded plastic products.

Starch is the second most abundant carbohydrate in the plant world after cellulose. It is
the main storage polysaccharide in plants and is similar in structure and function to
glycogen, which is the main storage polysaccharide in animals. Main sources of
commercial starch are maize, potato, wheat, cassava and waxy maize (1). Starch, unlike
cellulose, exists in a granular structure and is typically bimodal and polydisperses, both at
the granular and molecular level. This underscores the uniqueness of starch. The
molecular bimodal nature of starch refers to the major molecular components, namely the
high molecular weight branched amylopectin, and the more linear material, amylose.
Amylose is a linear or sparsely branched polymer of a molecular weight in the range of
10° to 10° g/mol linked primarily by al — 4 bonds (Figure 2.1). The chains form a

spiral-shaped single or double helix (2).
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Figure 2.1  Molecular Structure of Amylose
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Figure2.2  Molecular Structure of Amylopectin
In contrast, amylopectin is highly multiple branched with a molecular mass of 107 to 10°
g/mol. Amylopectin also contains al - 4 linked glucose units, but has in addition

al - 6 glucosidic branching points occurring every 25-30 glucose units. Figure 2.2

shows the structure of amylopectin.
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The ratio of these two components varies depending upon the source of the starch and
everything from 100% amylopectin to 100% amylose has been reported as occurring in
nature or as a result of classical plant breeding. This is particularly the case with maize
where the full range has been reported. The amylose contents of most starches, such as
wheat, maize and potato starch, are all in the range of 20-30%. However, in waxy
starches, the amylose content is as low as 1% (3).

Starch occurs naturally in granules. The granules vary in size and shape, depending upon
species, and can range from approximately 1 micron to as large as 120 microns. The
starch molecules are oriented radially in the granule to form roughly spherical shells,
called ‘micelles’. These micelles hold the granule together to permit swelling in heated
water without the complete disruption and solubilization of the individual starch
molecules (Figure 2.3).

These highly oriented and crystalline micellular areas explain the ability of ungelatinized
starch granules to rotate a plane of polarized light to produce characteristic interference
crosses. This bi-refringent cross (Maltese cross) is one of the features used in identifying
starch source. When the radial orientation of crystalline micelle is disturbed, the bi-
refringent cross disappears. Wide —angle and small-angle X-ray scattering (WAXS and
SAXS) have shown that starch is partially crystalline. The overall crystallinity of the
native starches is about 20-45% (4). The type of native, crystalline structure, labeled as
A-, B- or C-type, depends on the starch source. Native A- and B-type crystal lattices
consist of double helical, six-fold structures. The difference between the two types is the
packing density of the double helices in the unit cell. The B-type structure is described as

a more loosely packed hexagonal assembly of the helices with a column of water
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molecules present in the center of the | ar in the A-type

structure, this column of water is replaced by a double helix. The C-type structure is

thought of to be an intermediate between the A and B type structures (5).

2.2.1 Gelatinization

Gelatinization of starch is a well-known process in the food and paper industries. This
process is used to modify the rheology of various systems. Gelatinization temperatures
are considered as ranges covering the temperatures at which loss of bi-refringence is first
noticed and less than 10% remains. This temperature range is greatly influenced by the
binding forces within the granule, which vary with starch source. When the starch
granule is heated in water, the weaker hydrogen bonds in the amorphous areas are
ruptured and the granule swells with progressive hydration (Figure 2.3). The more tightly

bound micelles remain intact, holding the granule together. Bi-refringence is lost.

Native Granules Swollen Granules

Figure2.3  Swelling of Starch Granules

As the granule continues to expand, more water is imbibed, clarity is improved, more
space is occupied, movement is restricted and viscosity increased. When stained with

iodine vapor, one can see a "ghost" which indicates that the granule structure and/or
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granule fragments can still be visible. With the swelling of amylose-containing granules
such as corn, the amylose molecules are solubilized and leach out into solution. These
molecules will then reassociate into aggregates and precipitate at low concentrations or
set to a gel at higher amylose concentrations (6). This is referred to as "set back" or
retrogradation. The congealed paste will become cloudy and opaque with time and will
eventually release water to shrink into a rubbery consistency.

The gelatinization and melting process are dependent on the water content. A single peak,
denoted as the gelatinization endotherm (G), is observed at water content above 66%
(w/w). At water content below 66%, a shoulder appears at higher temperatures, denoted
as a melting endotherm (M). At very low water contents, the G endotherm disappears and

only the M endotherm is observed (7, 8).

2.2.2 Destructurized Starch

Starch gelatinization is not good enough to make a starch-based plastic material.
Destructurizing starch is a pre-requirement for making a starch-based thermoplastic
material. Under certain conditions of temperature, pressure, shear, limited water and
sufficient time, starch may be extruded and injection molded to produce a thermoplastic
material that can have mechanical properties suitable for particular applications as a
structural material. This material is starch in an entirely new form, and is called a

“molecular dispersion of starch and water” (MDS).

22



© Temperature

o Plasticizer

® Shear

Starch granule Plasticized starch
Figure 2.4  Destructurized Starch

MDS prod are lecularly h ous (with both amylose and amylopectin

dispersed uniformly throughout the material), are amorphous, have no granular structure
(Figure 2.4), have relatively high molecular-weight amylopectin, are not brittle or friable
and have superior mechanical properties. U.S. Patent No 5,095,054 to Lay et al. (9)
discloses the use of water as a plasticizer for starch in order to make the material
processable in for example an extruder.

2.2.3 Types of Starches and Modifications

High amylopectin maize, or waxy maize as it is known because of the reference to the
waxy appearance of the kernel, has been available for nearly a century. High amylose
versions of cornstarch are more recent, being developed in the last 40 years. Most
common and commercially available are those hybrids, which contain either 50% or 70%
amylose. Within the last 5 years, plant breeders have been able to develop a new hybrid,
which is essentially free of amylopectin (< %5).

For industrial applications, a wider range of chemical modifications has been developed

including cationic, anionic, and amphoteric substitutions, as well as hydrophobic starches
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and novel aldehyde chemistry, allowing wide applications in such industries as paper
making, textiles and biodegradable/re-pulpable packaging products in response to
environmental pressures. The biodegradable applications make use of high amylose
starch from maize and are extruded to produce a material competitive with expanded
polystyrene.

The dispersion stability and non-ionic character of the hydroxyalkyl ethers of starch are
properties of commercial interest. Ready availability and low cost also provide
commercial interest. Hydroxyethyl- and hydroxypropyl starches are produced in
quantities of about 200 million pounds (91 X 10° kg) per year.

The use of starch and derivatives thereof to form various shaped articles has been shown
in a number of patent publications (10 — 12). U.S. Pat. Nos. 5,035,930 and 5,043,196
issued on Jul. 30, 1991 and Aug. 27, 1991, respectively, disclose foamed shaped products
formed from high amylose starch and particularly alkylene oxide modified starch. The
high amylose starch used in this invention may be unmodified or modified and the term
starch as used herein includes both types. By modified it is meant that the starch can be
derivatized or modified by typical processes known in the art, e.g., esterification,
etherification, oxidation, acid hydrolysis, cross-linking and enzyme conversion.
Typically, modified starches include esters, such as the acetate and the half-esters of
dicarboxylic acids, particularly the alkenylsuccinic acids; ethers, such as the
hydroxyethyl- and hydroxypropyl starches and starches reacted with hydrophobic
cationic epoxides; starches oxidized with hypochlorite; starches reacted with cross-
linking agents such as phosphorus oxychloride, epichlorohydrin, and phosphate

derivatives prepared by reaction with sodium or potassium orthophosphate or
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tripolyphosphate and combinations thereof. These and other conventional modifications
of starch are described in publications such as "Starch: Chemistry and Technology",
Second Edition, edited by Roy L. Whistler et al., Chapter X (13); Starch Derivatives:
Production and Uses by M. W. Rutenberg et al., Academic Press, Inc., 1984 (14). One
modification of the high amylose starches used in this invention that is especially
advantageous is the etherification with alkylene oxides, particularly those containing 2 to
6, preferably 2 to 4, carbon atoms. Ethylene oxide, propylene oxide and butylene oxide
are exemplary compounds useful in etherifying the starting starch materials with
propylene oxide being especially preferred. Varying amounts of such compounds may be
used depending on the desired properties and economics. Generally, up to 15% or more
and preferably, up to about 10%, by weight, based on the weight of starch will be used.
Extruded starches modified in this manner, showed improved expansion, uniformity and

resiliency.

2.3 Experimental

23.1 Materials

Regular un-modified cornstarch was obtained from Cargill-grade SMP 1100, with
equilibrium moisture content of about 12 percent (w/w). Waxy cornstarch was obtained
from Cargill-grade WP 1108, with equilibrium moisture content of about 12 percent
(w/w). High Amylose cornstarch was obtained from National Starch and Chemicals
(Indianapolis, IN), with equilibrium moisture content of about 11 percent (w/w). The
hydroxypropylated high amylose cornstarch was purchased from National Starch and

Chemicals (Indianapolis, IN), under the trade name of HYLON 7. The density of
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HYLON 7 starch is 1.2 g/cm’. The inherent moisture content of the starch is 11.2% under
ambient conditions. Water is used as the plasticizer as well as the blowing agent. Water
content is maintained at 8-10% of the starch used. Talc (Magnesium Silicate), used as the
nucleating agent, was obtained from Luzenac (Ontario, Canada). It has a specific gravity
of 2.76 and a bulk density of 150 kg/m’. Poly (hydroxyamino ether) (PHAE) is an
additive, which offers the adhesion and durability of epoxy resins with the flexibility and
processability of thermoplastic resins.. PHAE was purchased from Dow Chemicals
(Midland, MI), under the trade name BLOX 110. PHAE has a melt temperature of 75°C,
and is produced by reacting liquid epoxy resin (LER) with hydroxy functional
dinucleophilic amines and diglycidyl ethers of bisphenol-A, hydroquinone, or resorcinol
(RDGE), as shown in Figures 2.5 and 2.6 (15). Winkler et al. (16) and Silvis et al. (17)
extruded blends of starch-based thermoplastic hydroxy-functionalized polyetheramines,
which were pelletized and formed into loose-fill packaging foams using a twin-screw (;r a
single-screw extruder. PHAE was successful in imparting mechanical strength and
toughness, cell integrity, weather and water resistance to the foam structure. The purpose
of this work was to study the effects of the extrusion (melt) temperature, amount of water
added and the screw configuration on the density of starch foams.

The water externally added was varied from 3% to 12%, while the poly (hydroxyamino
ether) (PHAE) content was varied from 3% to 15% of the starch used (on a wet basis).
The foaming was carried out at melt temperatures in the range from 85°C to 145°C. A
match of material properties with process engineering conditions was achieved to

facilitate the control of expansion to a structure with valuable commercial properties.
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2.3.2 Experimental Setup

The experimental setup used in this study was a twin-screw extrusion system (Figure
2.7). The twin-screw extrusion system consists of an extruder driver with a speed control
gearbox, a Werner Pfleiderer ZSK-30 twin-screw co-rotating extruder with a screw
diameter of 30 mm, an L/D of 32, a positive displacement pump for injecting water into
the extruder, accurate single-screw feeders for feeding starch, and PHAE and talc could
be fed individually or as a mixture. A cylindrical filament die 2.7mm in diameter and 8.1
mm in length, with a cooling sleeve was assembled to the extruder. The sensors were
mounted on the die to measure the temperature and pressure of the melt. A high-speed

cutter was used to get cylindrical foam extrudates of required size.

2.3.3 Procedure

The temperatures in the ZSK-30 extruder zones were set up to reach the required
temperatures. The temperature profile for the best product obtained was as follows:

Feed (Zone 1): 20°C (cold feed)

Zone 2: 100°C

Zone 3: 110°C

Zone 4: 120°C

Zone 5: 120°C

Zone 6: 110°C

Die: 105°C

Melt temperature: 105°C - 107°C.
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The feeder for starch was calibrated and set at a particular speed. The other feeder/feeders
were calibrated and set at feeding rates accordingly. Initially, during start-up, water was
pumped into the system immediately after the feed throat, at 15-20% of the starch fed,
and later its flow rate was reduced to about 7-10% of starch. The inherent moisture
present in starch (11.2%) also helped in plasticization of starch. The different parameters
were varied one at a time while the other parameters remained those of the basic setting.
When formulations were changed, extrusion was continued until the torque and the die
pressure stabilized. Extrusions were carried out at a torque of 70-75%, and a pressure of
4.8-5.2 MPa. The foam was extruded at a rate of about 11-12 kg/hr, while the foam sheets
were extruded at a throughput of 410-420 kg/hr.

2.3.4 Characterization and Analysis

The samples collected were conditioned as per ASTM D — 4332 (18), in a constant
environment room at 23 + 1°C (73.4 £+ 3.6°F) and 50 + 2% RH for at least 72 hours
before testing.

2.3.4.1 Density

This test method covers the determination of density of foam by calculation from the
mass and volume of a regularly shaped specimen. The test method ASTM D — 3575
(section 43, Method A) (19) was used. At least 10 specimens were measured for each
formulation.

The dimensions of the sample were measured using a Vernier Calipers graduated to
permit measurements accurate to 0.001 inches. Expansion ratio was calculated as the

ratio of the cross-sectional area of the foam to that of the die.
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2.3.4.2 Compressive Strength and Resiliency

Compressive strength and resiliency describe the mechanical integrity of the foam.
Compressive strength of the lab-scale specimens was measured according to the test
method explained by Tatarka et al. (20), on a UTS SFM — 20 tensile testing machine.
Foam specimens were securely fastened lengthwise and compressed by a steel probe
(0.635 cm diameter) with a hemi-spherical end-cap. By lowering the piston to the foam
surface, an initial load of 0.5 N was applied on the specimen for approximately 5 s. From
this point, the probe was lowered at a rate of 30 mm/min for a distance of 3 mm. The
maximum load was recorded. After 60 s had elapsed, a relaxation load was recorded.
Compressive strength was determined by dividing the maximum load by the cross-
sectional area of the probe. Resiliency is the percentage of the compressive force after the
60 s hold period divided by the maximum force required to compress the foam by 3 mm.
Averages were calculated from five sets of starch foam specimens.

2.3.4.3 Environmental Scanning Electron Microscopy:

Foam samples were sectioned with a razor blade and mounted on aluminum stubs with
graphite filled tape, sputter coated with gold and examined with a Phillips Electroscan
2020 environmental scanning electron microscope.

2.3.4.4 Moisture Sorption Analysis

10 blocks of each formulation, collected at different times were placed in an
environmental humidity chamber, subject to a relative humidity of 95 + 5 %, and a
temperature of 38 + 5 °C. The weight and the dimensions (length and diameter) of the
samples were monitored. They were measured at regular intervals using an accurate

weighing balance and a pair of Vernier Calipers, to the third decimal place. The entities
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measured at different time intervals were normalized using the value measured before
placing the samples in the humidity chamber (time, t = 0). The weight and dimensions of
the samples were recorded until a steady state value was reached (approximately 30
days). The results for a formulation were obtained as an average over the 10 samples used
for that formulation.

2.3.5 Screw Configuration

The objective to be attained in an extruder was to ensure proper plasticization of granular
starch, thus disrupting its crystalline structure, and complete dissolution of the blowing
agent in the plasticized starch, by promoting convective diffusion under high processing
pressure, to form a single-phase plastic.

The screw configuration played an important role in this foaming process, because,
unlike conventional plastics, which require only temperature to form a melt phase,
plasticization of starch required thermal energy as well as mechanical energy in the form
of shear to form a thermoplastic melt. Hence, the screw configuration had to be so
designed to achieve the afore-mentioned objective, and to build up enough pressure at the
die, to cause uniform foaming. Figures 2.8 and 2.9 show the regular plasticization and
foaming screw configurations on the small scale ZSK — 30 TSE. The plasticization screw
configuration differed in the sense that the excess moisture in the thermoplastic melt was
de-volatilized in the last conveying zone. It is worth noting that two other screw
configurations (not reported) were used for the foaming operation. These screw
configurations had low and medium levels of shearing through kneading blocks. Also, the
left-handed elements were not used in these configurations to build up pressure within the

extruder.
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The control starch foam density obtained using the low shear screw configuration was
522 + 2.3 kg/m’, while it was 38.6 + 1.8 kg/m’ using the medium shear screw
configuration. These values were higher as compared to those reported later in the results
and discussions section.

Manipulating the screw configuration is a tedious process. Hence, when a density ~ 30
kg/m® was obtained for the control starch foams using the screw configuration reported

(Figure 2.9), no further attempts were made to modify the screw configuration.

2.3.5.1 Foaming Screw Configuration

The foaming screw configuration is explained on the basis of the following zones:

2.3.5.1.1 Feed/Conveying zone

The feed zone consisted of all right-handed conveyi.ng screw elements, also called as
right-handed bushings. Unlike plastic resin processing, starch tends to clog up the feed
zone. Hence, four large pitch (42mm) right-handed conveying screw elements were used
to quickly convey the starch and prevent build-up/clogging in the feed zone, which is a
major issue in processes involving starch.

The starch, PHAE and talc were added to the feed hopper, while the water was injected
through a side tube.

The elements were so arranged that their pitch reduced along the length of the screw.
This was done to increase the pressure along the length of the screw, and it also helped in
increasing the residence time. The increase in pressure would help in increasing the

solubility of water in the thermoplastic starch melt. Density of the feed is low because of
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the air trapped in the incoming granular raw material. The incoming material was
compressed and the air was expelled. The water was injected in this feed zone to facilitate
textural and viscosity development and to enhance conductive heat transfer. Decreasing
the pitch increased the surface-to-volume ratio, thus increasing the conversion of
mechanical energy to heat through friction. However, the positive pumping characteristic
of these conveying elements limited the ability of the screws to effectively convert
mechanical energy into heat through friction. Hence, kneading elements were added.
These elements reduced the positive conveying feature and, thus, forced the extruder

barrel to fill, which helps in building up pressure, which assists foaming at the die.

2.3.5.1.2 Kneading/Mixing zone

The wide-flighted dispersive kneading blocks helped break the starch granules into
smaller particles. The shearing action of the wide-flighted elements, between the barrel
and the flights was responsible for the break-up of the granules into finer particles. The
narrow-flighted kneading blocks in this kneading zone provided better homogenizing
properties, thus enhancing the blending of starch, water and the additives.

The next set of screw elements were the neutral kneading blocks, which held the material
for longer and thus increased the residence time. This would further facilitate the
dissolution of water in the melt, and ensure complete plasticization.

The kneading zone continued the compression started in the feeding zone, and the flow
channels of the extruder achieved a higher degree of fill as a result of the compression of
the extrudate. Basically, in the kneading zone, starch granules were broken down into

finer particles, and the hydrogen bonds are broken down in the starch matrix by the water
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molecules, resulting in a thermoplastic melt of plasticized starch. Within this zone of the
extruder barrel, the extrudate began to lose its granular definition, the density began to
increase and pressure began to develop in the barrel.

Within the kneading zone, the discrete particles of starch begin to agglomerate due to the
increasing temperature resulting from conduction, and viscous energy dissipation.

The left-handed elements were mainly used for building up high pressures inside the
extruder. They were included downstream, to build-up higher pressures than the

solubility pressure.

2.3.5.1.3 Conveying Zone

This conveying zone released the built-up pressure slightly, and helped convey the
plasticized starch to the next kneading zone, thus preventing a build up of material in the
extruder. A left-handed bushing was introduced at the end of the conveying zone to

increase the pressure, so that the resulting melt is supersaturated with water.

2.3.5.1.4 Kneading Zone

Another kneading zone was incorporated in the configuration to ensure complete
homogenization of the materials, and dissolution of the water in the starch matrix. This
zone was sealed on both sides by left-handed elements, thus ensuring complete mixing of
the material held in the kneading zone. The extrudate formed a more integral flowing
dough mass as it moved through this kneading zone and typically reached its maximum
compaction. This is the zone of the extruder where the mass became amorphous and

texturized. Temperature and pressure increased most rapidly in this region, as shear rates
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were highest because of the screw configuration and maximum compression of the

extrudate.

2.3.5.1.5 Final Conveying Zone

The last conveying zone forced the supersaturated melt through the die. Pressure,
temperature, and the resulting fluid viscosity were such that the extrudate is forced from
the extruder creating the desired final product texture, density and functional properties.
The nucleating sites were generated at the sudden drop in pressure at the die (21), and the
supersaturated blowing agent diffuses out through the matrix, giving rise to a foamed

structure.
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2.4 Results and Discussion

24.1 Type of Corn Starch

Table 2.1 Physico-Mechanical Properties of Extruded Corn Starch Foams

No. | Type of Starch Unit Radial Specific | Compressive | Resiliency
Density | Expansion | Length Strength (%)
(kg/m?) ratio (cm/gm) (Pa)
1 | Regular Corn 45.8 233 16.4 7.6 E+05 21.9
Starch
2 | Waxy Corn Starch | 424 28.6 144 8.0 E+05 31.5
3 | High Amylose 35.7 35.6 13.8 4.5 E+05 60.5
Corn Starch
4 | Hydroxy- 30.2 39.7 14.6 4.4 E+05 69.8
propylated High
Amylose Corn
Starch

Table 2.1 shows the physico-mechanical properties of the foams obtained using different

types of corn starches. The high amylose corn starch provided foam with lower density,

higher expansion ratio and a higher spring index as compared to the foams obtained using

the waxy corn starch and the regular corn starch (Table 2.1, Entries 1 - 3).

Due to the high level of co-operative hydrogen bonding that can occur between the

essentially linear chains of amylose, little or no swelling of the granule occurs in water
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and consequently, it is not possible to cook out the starch granule under normal
conditions. The applications of amylose starches are rarely in the granular form, but in a
dispersed state, generated by special cooking conditions using a combination of high
temperature and shear. Under these conditions, the amylose chains can be separated and
then allowed to re-associate under controlled conditions, finding applications‘ as films,
foams, barriers, adhesives, and a way to control the digestion of starch as a food
ingredient.

In contrast, regular starch or the amylose free forms are more readily hydrated and the
swollen granules provide a range of viscosity profiles, which find wide applications
particularly in food.

The hydroxypropylated high amylose corn starch, however, provides foam with the best
physico-mechanical properties (Table 2.1, Entries 4). Low degree of substitution (DS)
hydroxyethyl- and hydroxypropyl starches behave like low-substituted starch acetates
(13, 14). The effects generally increase with increasing DS; thus, the gelatinization
temperature decreases. The rate of granule swelling and dispersion on cooking increases,
clarity and cohesiveness of dispersion increase, and the tendency to increase in viscosity
and gel on cooling and aging decreases. Hydroxyalkylation also improves the low-
temperature stability and the clarity, solubility (14), and flexibility.

Further, the effect of process variables on the degree of foaming using hydroxypropylated
high amylose corn starch was investigated. These process variables included the content
of water, the temperature of the thermoplastic starch melt, the PHAE content, talc

content, and the screw speed.
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The effect of process variables on the degree of foaming was investigated. These process
variables included the content of water, the temperature of the thermoplastic starch melt,
the PHAE content, and the screw speed.

2.4.2 Effect of the amount of water on the Expansion Ratio (ER)

The expansion ratio and density were very sensitive functions of the amount of water
injected. The ER increased with an increase in the amount of water, but beyond a certain
amount, it decreased (Figure 2.10). The maximum expansion ratio was obtained when the
water added is 7% of the starch used (wet basis). The inherent moisture content of the
starch was 11.2%. Thus, the total moisture content of the starch in the process was
17.42%.

The maximum flow rate of water that can be injected to achieve a greater volume
expansion ratio was limited by the solubility of the water in starch. When water did not
completely dissolve in the starch matrix, it resulted in a non-uniform structure and much
lower expansion ratio. The processing pressure should be higher than the solubility
pressure to dissolve water in the starch matrix. The expansion ratio decreased with
increase in amount of water, due to enhanced gas loss, as a result of increased plasticizing
effect. When water dissolved in the starch matrix, the viscosity of the melt dropped as a

result of the free volume increase.
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Figure 2.10 Effect of the Amount of Water used on the degree of foaming,
expressed in terms of * [l ‘Expansion Ratio (ER),and ¢ O ‘density at a

temperature of 105°C.
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The plasticizing effect increased with an increase in the amount of water injected.
Similarly, the diffusivity of water in the starch matrix increased as well. Hence, the loss
of moisture to the atmosphere by diffusion increased with an increase in the amount of
water. Also, the use of high amount of water (>10%), led to high fluctuation of pressure
in the barrel, due to which high processing pressures could not be achieved.

2.4.3 Effect of the processing (melt) temperature on the Expansion Ratio (ER):
When stabilized processing conditions were obtained by completely dissolving the
injected water (blowing agent), well-expanded starch foams were achieved in a certain
temperature range. The maximum expansion ratio was obtained when the melt
temperature was in the range of 100°C to 110°C (Figure 2.11).

When the melt was overcooled below 90°C, the foam did not expand because the
increased stiffness of the thermoplastic starch matrix was unfavorable for cell growth.
Also, above 120°C, the expansion ratio was lower due to the escape of excess moisture to

the environment during expansion. Thus, the foam product obtained was dry and brittle.

The corresponding unit densities are shown in Figure 2.12.
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Figure 2.11 Effect of the Process Temperature on the Degree of Foaming, at two
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Figure 2.12 Effect of the Process Temperature on the Density, at two different
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244 Effect of PHAE on ER

PHAE is a thermoplastic epoxy based resin offered by Dow Chemicals. It offered the
adhesion and durability of epoxy resins with the flexibility and processability of
thermoplastic resins. When we included PHAE as an additive in our starch foam process,
we obtained a foam structure with improved mechanical strength and toughness, weather
and water resistance.

It was observed that the expansion ratio increased with an increase in the PHAE content,
but just up to a certain level, and then decreased again. As shown in Table 2.2, the
maximum ER and minimum density was obtained at a PHAE content of 7% of the starch
used. The density of the starch foam was higher in the absence of PHAE. This is because
thermoplastic starch did not have enough melt strength and flexibility to support the
expansion. This lead to the rupture of cell walls and the surface of starch foams leading to
the loss of water. The presence of a flexible polymer like PHAE, which is compatible
with starch helped support foam expansion, and gave rise to a uniform cell size and
structure, and hence a lower density material. However, at a higher PHAE content

(greater than 7% PHAE), the foam density increased marginally.
This was due to the fact that the pressure developed at the die was lower due to a
reduction in melt viscosity of the extrudate. The die pressure was 5.4 + 0.2 MPa in the

absence of PHAE, while it was 5.0 £ 0.13 MPa and 4.4 + 0.1 MPa in the presence of 7%

and 15% PHAE, respectively.
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Table 2.2 Effect of PHAE content on Physico-Mechanical Properties of Starch

Foams.
Processing Aids Unit Radial Specific | Compressive | Resiliency

Density | Expansion Length Strength (%)

(kg./m3 ) ratio (cm/gm) (Pa) _
Control 30.19 39.65 14.59 4.36E+05 69.8 ] *'[ ﬁ
(Hydroxypropylated High .
Amylose Corn Starch) _
3.0 % PHAE 25.28 41.28 16.73 3.49E+05 90.9 Lif,.l
5.0 % PHAE 24.23 41.76 17.25 3.39E+05 91.9
7.0 % PHAE 22.56 43.86 17.64 3.12E+05 93.5
10.0 % PHAE 2431 39.60 18.14 3.35E+05 92.7
15.0 % PHAE 24.95 36.36 19.24 3.64E+05 929

A more detailed study on the shear viscosities of the starch-based melts using PHAE in
the extruder, and its effect on foaming, will be reported later (Chapter 4). At higher
PHAE concentrations, the expanded foams contracted after reaching a maximum radial
expansion, leading to lower expansion ratios. This contraction resulted in higher

densities. This contraction may be due to a cooling rate not rapid enough to prevent cell

collapse, as suggested by Willett et al. (22). With an increase in PHAE concentration, the

specific length (cm/gm) increased too, implying an improvement in flow properties.
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24.5 Effect of nucleating agent (talc) content on ER:

The addition of talc gave rise to a compact and more uniform cell structure. The density
increased slightly due to the compactness of the foam. The talc content was varied from
0.5% to 2% of the starch used. As shown in Figure 2.13, the maximum ER and minimum
density is obtained at a talc content of 0% of the starch used. However, we have used 1%
talc in our studies to obtain a more uniform cross-section of foams, and with a higher

percentage of closed-cells.
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Figure 2.13 Effect of the Amount of Talc used on the degree of foaming, expressed
in terms of the [l ‘¢ Expansion Ratio (ER),and¢ < ¢ density ata

temperature of 105°C, and inlet water concentration of 7% (dry basis).
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Figures 2.14 — 2.17 show the scanning electron micrographs of the foam cross-section at
various talc contents. The cell size decreases from about 500 um to about 200 pum, as the

talc content is increased from 0% to 2%.
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Figure 2.14  ESEM of the starch foam cross-section (0% talc)
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Figure 2.15 ESEM of the starch foam cross-section (0.5% talc)
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Figure 2.16 ESEM of the starch foam cross-section (1.0% talc)
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Figure 2.17 ESEM of the starch foam cross-section (2.0% talc)
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Figure 2.18 Number of talc particles involved in forming a cell.

Figure 2.18 shows that a strong linear function exists between the number of talc particles
present per kg of the foam sample to the number of cells formed in the same amount of
foam. Each talc particle would form a nucleating site, and it suggests that approximately
200 such nucleating sites formed coalesce to form a single cell in the foam.
Figure 2.19 shows that the calculated unit foam density (kg/m3 ) is also a strong linear
function of the cell density (Number of cells/m’), which in turn is a function of the talc

content added.
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Figure 2.19 Unit Foam density as a function of Cell Density.

2.4.6 Effect of screw speed on the expansion ratio (ER)

Screw speed directly affected the degree of barrel fill, and hence the residence time
distribution and the shear stress on the material being extruded. From Figure 2.20 below,
it was observed that there was no significant variation in the densities and the expansion

ratios of the starch foams at screw speeds varying from 200 rpm to 250 rpm. There was a
marginal decrease in density at higher screw speeds. However at screw speeds lower than
175 rpm, the density increased considerably. Thus, screw speeds in excess of 175 rpm

were normal. Figure 2.20 also shows that at higher screw speeds, the expansion ratio

decreased too with a reduction in density. This implied a substantial increase in the
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specific length of the product. At these speeds, significant frictional heat was generated
creating starch-melting phenomena with a reduction in the viscoelastic nature. One of the
factors in determining the maximum volumetric output of the extruder is the screw speed.
At the same starch feed rate, the torque loading on the motor is higher at lower screw
speeds. Thus, the volumetric output at which we can process the starch foams is limited
by the screw speed used. It is worth noting that a change in screw speed, however, would
not change the volumetric throughput of the extruder since the twin-screw extruders are
starve-fed. Also, the pressure developed at the die was lower at lower screw speeds.
However, at higher screw speeds, there was an increase in wear rate of mechanical
components such as screws and barrels. The specific mechanical energy also, increased
with an increase in screw speed, and leveled off at higher screw speeds (Figure 2.21). As
the screw speed increased, the apparent melt viscosity can be assumed to decrease, which

also decreased the net power input via viscous dissipation.

56



oy Uolsurdadxg J




Expansion Ratio
3 hry
—-—
i
N
©0
Density (kg/nt’)

w0
~
1
HH
——
}

X
o

t ot [

T T T 21

150 200 250
Screw Speed (rpm)

[~}
N

2

Figure 2.20 Effect of the Screw Speed on the degree of foaming, expressed in
termsof * M ¢ Expansion Ratio (ER),and ¢ O ¢ density at a temperature of
105°C, inlet water concentration of 7% (Starch, wet basis), and PHAE content of

7% (Starch, wet basis).
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2.4.7 Compressive Strength and Resiliency

The compressive strength and resiliency of the foam samples is listed in Table 2.2.
Typically, a power-law relationship is observed between compressive strength . and
foam density p (6. ~ p"). Denser foams tend to have thicker cell walls and hence resist
deformation better than lower density foams with thinner cell walls. A strong relation
existed between foam density and compressive strength (Figure 2.22). The regression line
in Figure 2.22 was drawn using the data from Table 2.2, and a slope of 1.15 was obtained
(n = 1.15). A value of n = 0.92 was obtained by Willett et al. (22), while Hutchinson and
co-workers (23) reported exponents of 1.5 — 1.6 for compressive strengths of foams
prepared from maize grits.

The addition of PHAE improved the resiliency considerably from 69.7% (Control) to

93.5% at a PHAE content of 7% of the starch used.

2.4.8 Moisture Sorption Analysis

Starch foams gain weight as well as shrink in the presence of moisture. This gain in
weight and the dimensional stability of the starch-based foams is important in packaging
applications. The lower the loss in dimensions, the better is the dimensional stability.
Table 2.3 shows the normalized steady state weight gains and dimensions of the starch
foams (varying PHAE content) respectively. The hydrophobic behavior of the starch-
based foams improved with an increase in the PHAE content. The hydroxypropylated
high amylose starch foams gained about 13% of their original weight (time, t = 0), while
shrinking by about 50% of their original length and diameter in the absence of PHAE. At

the optimum PHAE content of 7%, the starch foams gained about 8% of the original
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weight, while shrinking by about 20% of their original dimensions. This was as a result

of the high water-barrier properties of PHAE.
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Figure 2.22 Logarithmic plot of Compressive Strength (Pa) as a function of foam

density (kg/m®).
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Table 2.3 Normalized Steady State Weight Gains, Diameters, Lengths of the

Starch-based Foams with different PHAE contents

PHAE Content Normalized Normalized Normalized
(%) Steady State Steady State ~ Steady State
Weight Gain Diameter Length
S I S
W, D, L,
(£ 0.024) (£ 0.034) (£ 0.038)
0.0 % 0.128 0.564 0.498
3.0% 0.109 0.731 0.702
50% 0.092 0.780 0.746
7.0 % 0.078 0.844 0.811
10.0 % 0.058 0.887 0.861
15.0 % 0.036 0.936 0.921

2.4.9 Cell size/structure

Figures 2.23 and 2.24 show the surface of the starch foam sheets without and with 7%
PHAE respectively. PHAE provided a finer and a more stable surface preventing the
rapid loss of moisture through the surface. This is probably due to the surface migration
of a fraction of PHAE added during the production of starch foams, which is in good

agreement with the results obtained with PHEE (22).
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Figure 2.23 ESEM of the starch foam surface (0% PHAE)
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Figure 2.24 ESEM of the starch foam surface (7.0% PHAE)
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2.5 Conclusion

Cylindrical starch foam shapes were produced on a small scale (~ 11-12 kg/hr) Werner
Pfleiderer ZSK - 30 Twin Screw Extrusion (TSE) process using water, which functions as
a plasticizer as well as a blowing agent. The properties of the starch foams depend on the
type of starch used (hydroxypropylated high amylose corn starch, 70% amylose), the
amount of water and additives (poly (hydroxy aminoether)) (PHAE) used, and extrusion
conditions such as temperature and the screw configuration. PHAE offered the adhesion
and durability of epoxy resins with the flexibility and processability of thermoplastic
resins. PHAE was successful in imparting mechanical strength and toughness, cell
integrity, weather and water resistance to the foam structure. The purpose of this work
was to study the effects of the extrusion (melt) temperature, amount of water added and
the screw configuration on the density of starch foams. A match of material properties
with process engineering conditions was achieved to facilitate the control of expansion to
a structure with valuable commercial properties. The effects of processing conditions on
the foaming process were studied using a Werner Pfleiderer ZSK - 30 Twin Screw
Extruder (TSE). The optimum temperature, blowing agent content, and PHAE content
were determined. The density of the cylindrical foam extrudates obtained was 22-25
kg/m’. The screw configuration, temperature and pressure profiles, additives affected the
morphology, Expansion Ratio, resilience and compressibility of the product. The
following Chapter 3 deals with the study of the influence of input variables such as the
starch feed rate, screw speed, moisture content, and the PHAE feed rate on the process

variables such as pressure, torque and the specific mechanical energy of the system.
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Chapter 3

TRANSIENT MODELING OF STARCH FOAM PROCESS TO

DEVELOP CONTROL STRATEGIES

3.1 Abstract

The starch foam extrusion process was modeled as a Multiple Input Multiple Output
(MIMO) process, and the dynamics of the process were studied as a response to step
changes in the input variables such as starch feed rate, screw speed, moisture content and
poly(hydroxy aminoether) (PHAE) feed rate. The responses were modeled as first order
responses with a time delay. The linearity of the process was determined over a range
around the set-point, and the parameters defining the first order system such as Gain ‘K,
Time Constant ‘7’, and Dead time ‘7;” were determined in the linear range. The transfer
function models can then be used in a predictive computer control system for on-line
fine-tuning of the operating conditions. This could ensure a consistently high quality
product even when low frequency disturbances are present in the system. It was observed
that the time constants and the dead times recorded for both the pressure and torque
responses did not exhibit significant variation within each manipulated or input variable
tested, indicating a dynamic linearity with respect to each manipulated variable. It was
also observed that for the same step-input variations in the manipulated variables, the
torque loading on the twin-screw extruder exhibited a faster response (lower dead time),
and also reached a steady state sooner (lower time constant). The moisture content and

screw speed seem to be the most destabilizing variables since they induce rapid responses
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in the process variables. The moisture content in the extruder was, hence, determined to
be the most influential factor in the stability of the process followed by screw speed and
starch feed rate. PHAE feed rate was the least significant variable.

Multiple step-input tests were carried out in order to determine the validity of the
principle of superposition. The validity of the principle of superposition implied the

linearity of the process in the domain tested.

3.2 Introduction

Starch extrusion processes are multiple input, multiple output (MIMO) complex systems.
Harper (1) gave a detailed description on the mechanics of extrusion. The phenomenon of
starch foaming involves the physicochemical properties of starch, which are modified
during extrusion. The rheological properties of the starch plastic are in turn reliant on
these physicochemical properties (2), which affect the quality attributes of the foamed
product.

Empbhasis in starch extrusion research has focused on developing models to describe the
complex processes in an extruder, predict some of the changes that occur, and aid in new
process development (3). The control of such processes is directly linked to economic,
qualitative and scientific interests. As far as control is concerned, the process has to be
modeled. Different approaches, which are roughly of two types, have been used to model
extrusion processing: white-box modeling, and black-box modeling (4). White-box
modeling requires as much knowledge as possible in order to incorporate all the internal
laws (physical, chemical, biological), which rule the system. The result is that all the
coefficients of the model may have a physical significance. However, a complete

description, including temperature effects, non-Newtonian rheology, and dynamics, is
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indeed complicated and therefore, simplifying assumptions are usually made. Also, to
truly simulate the extrusion process, thermal and physical model parameters must be
determined for each particular product and extruder-die combination. On the other hand,
black-box modeling means that the model is empirical, reduced to a simple mathematical
relationship between the inputs and outputs of the process. Such models are valid only
over a definite range of experimental conditions, but they are often adequate to develop
process control strategies. Concerning food extrusion, three different techniques of black-
box modeling have been implemented: Residence Time Distribution (RTD), Response
Surface Analysis (RSA) and Dynamical Identification (5). Janssen (6) and Martelli (7)
presented engineering analyses of a twin-screw extrusion process, including discussions
on residence time distribution (RTD), melting mechanisms, power consumption, and
operating characteristics of twin-screw extruders. RSA has been used by several
researchers (8 — 12) for the optimization of extrusion processing. This approach enabled
correlation of the important processing variables to product quality without an
engineering model. Results were generally limited to the experimental conditions because
of the non-linear response of the internal state of the extruder to externally manipulated
variables such as screw speed, moisture and feed rate. They have especially been used to
establish static relationships.

A basic modeling technique applied to extrusion processing is transfer function modeling
from input/output data. Several researchers have studied the dynamic modeling and
control of extrusion processes, based on their gross dynamic input-output behavior (13 —

20).
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In the previous chapter, we have reported on the twin-screw extrusion production of
starch foams using poly(hydroxy aminoether) (PHAE) as the functional aid, as well as on
the optimization of the process (21). In this chapter, the dynamic response of various
process variables of a twin-screw extrusion starch foaming process or the sensitivity of
the process parameters to the change in inputs were studied, both of which must be
known for the implementation of process control. The dynamic characteristics are
obtained with step tests on four independent extrusion operating variables: starch feed
rate, moisture content, screw speed and PHAE feed rate. The response is monitored on
the following outputs: melt pressure; melt temperature and specific mechanical energy
(SME). The corresponding system and its relevant manipulated, process and product

variables are shown in Figure 3.1.

3.3 Experimental Section

3.3.1 Experimental Design

The experimental setup used in this study was a twin-screw extrusion system. The twin-
screw extrusion system consisted of an extruder driver with a speed control gearbox, a
ZSK-30 twin-screw co-rotating extruder with a screw diameter of 30 mm, an L/D of 32, a
positive displacement pump for injecting water into the extruder, accurate single-screw
feeders for feeding starch and PHAE. This specific screw configuration was selected to
get the best physico-mechanical properties based on our previous work (21), and is
reported in the Chapter 2. A cylindrical filament die 2.7 mm in diameter and 8.1 mm in
length, with a cooling sleeve was assembled to the extruder. The sensors were mounted

on the die to measure the temperature and pressure of the melt.
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The dynamical behavior of the process was studied through the following outputs: melt
pressure (P) and melt temperature (T). The Specific Mechanical Energy (SME) was

calculated using the following formula:

a

kW x Torque x

SME = : . (3.1
m

SME = Specific Mechanical Energy (kW-hr/kg)

kW = Rated motor power (kW)

Torque = Motor Load (decimal)

RPM, = actual screw speed

RPM, = rated screw speed

m = Mass flow rate (kg/s)

The experiments consisted of different sequential variations around the following central
set point™: starch feed = 11.16 kg/hr, moisture content = 17.42% (w/w) on an overall
basis, screw speed = 200 rpm, PHAE feed = 0.78 kg/hr. Its corresponding response
variables are process temperature, T = 105°C, pressure at the die, P = 720 psi, SME =
0.21 kW-hr/kg (Torque loading = 72%). The experimental design for the single input
variation runs is shown in Figure 3.2.

Each ‘forward step test’ for always succeeded by a ‘back step test’ in order to let the
process return to its original set point. The forward and back steps gave approximately
the same results suggesting that probably there is negligible hysteresis.

In order to get significant and comparable outputs, the overall range of stimulation
imposed on each control variable was set according to the pre-estimated gain of that

variable. At steady state (set point), a step test was performed on either one or multiple
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input variables. Once the output variables reached a steady value, the study was reduced

to a static comparison between the output Y(?) and the input U(¥), i.e., to the gain K.

« = DYo

"~ DU() (32)

To compare the different steady state gains, it is possible to define a relative steady state

gain Kg, where:

[Dyoq
K, <L YO

(3.3)

DU(t)
U@

3.3.2 Linearity

It is important to assess the linearity or non-linearity of a process, as it helps to
understand and predict its response to any variation in input. The hypothesis of linearity
is an implicit and necessary prerequisite to most of the classical techniques of process
control. A linear system must exhibit a constant steady state gain, whatever the

magnitude of step test applied.

3.3.3 Dynamic (Transient) Responses

Once a step-input variation in the starch feed rate, screw speed, moisture content and
PHAE feed rate was made (time, t = 0), the Pressure and Torque readings were manually
recorded every 5 seconds until a steady state was reached. A common assumption in
many time series techniques is that the data are stationary. A stationary process has the
property that the mean, variance and autocorrelation structure do not change over time.
These conditions were too drastic for these experiments as the measurements of process
variables were very noisy. It was assumed that the process would become stationary and,
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by graphical estimation, the time required to reach each steady state was calculated

approximately.

3.3.4 Multiple Input Tests

Some multi-input experiments were carried out by performing step tests simultaneously
on multiple manipulative variables. The principle of superposition was verified for
multiple step input tests, within the linear domain. If the principle of superposition is
satisfied, it implies that the system is linear within the domain tested. The variation of the
process variables, namely, pressure, torque and the SME in response to the multi-variable
input step tests were measured at steady state. Pressure, Torque and SME were also
calculated theoretically, using a linear combination (principle of superposition) of the
steady state gains previously determined by single input step tests. The following formula

was used:

DY = Kgpen rea D(Starch Feed) + K g, ...« D(Screw Speed)

+ K, :D(MC) + K ,,,,. D(PHAE) G4
Where:
Y — Pressure/Torque/SME.
These experiments were conducted to verify if the linearity observed on each variable
could be extrapolated through an additive law to a multivariate control. The values of
Pressure, Torque, and SME obtained for the multiple-input tests were fit to a model

deemed appropriate, using STAT-EASE ‘Design of Experiments 6.0’ modeling software.
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A central composite Response Surface experimental design (22) was employed to
investigate the influence of step-changes in the starch feed rate, screw speed, moisture
content and the PHAE feed rate on the process variables (pressure, torque and SME),
which further govern the foam product functionalities (density, expansion ratio and
resilience). Regression analyses were employed to fit the experimental data to linear
polynomials (23). In these experiments conducted, the extruder almost always verified
the conditions, which postulate that a bounded variation of the input induces a bounded
variation of the output (BIBO stability). This means that, for and around the set point
selected, the extruder remains far away from any uncontrollable change that could lead to
an over-torque, or an over-pressure, and consecutively to a blockage of the screws

(shutdown).

3.4 Results and Discussion

3.4.1 Step-Input Variations in the Starch Feed Rate

The absolute (K) and relative (Kg) steady state process gains for step-input variations in
the starch feed rate are shown in Table 3.1. For the range of the tested set points, the melt
temperature T was hardly sensitive to the variations in starch feed rate because feed
variations induce tiny variations in self-heating. The self-heating would be as a result of
the shear imposed on the extruding material (viscous dissipation). The set temperature at
the die was 105°C. The maximum temperature rise was 2°C for a 25% increase in starch

feed. Similarly, the temperature decreased with a decrease in starch feed rate (though
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negligible). Hence, the values of Gr for this variable were positive. The temperature
decreased by just 1°C for a 25% decrease in starch feed.

The melt pressure P, however, displayed significant variations due to an
increase/decrease in the starch feed rate. The increase in P with the starch feed would be
basically due to an increase in the filling ratio, and vice-versa. Thus, the values of Ky for
this variable were positive. It was observed that the relative gains varied with the
magnitude of the step test, and they increased as the size of the step change increased.
Also, the values of the gains were different for the positive tests and the negative tests.
An increase in the starch feed rate lead to an increase in the motor load (torque) on the
extruder drive, since a larger amount of material was being processed. The SME
increases with an increase in the torque on the motor, while decreases with an increase in
the starch feed rate. The net result was a decrease in the value of SME. On the other
hand, a decrease in the starch feed rate gave lower values of torque, and finally a higher
value of SME. Thus, the values of Ky for this variable were negative. Also, it was
observed that the relative gains decreased with an increase in the magnitude of the step

size.
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Table 3.1

Steady State Process Gains for Step-Input Variations in the Starch

Feed Rate.
No. Step Kr Krr Kp Krer Krorque Krrorque Ksme  Krsme
Change in
Starch Feed
Rate

1 -25.00% 0.4 0.04 62.7 097 0.06 0.93 0.000  -0.01
2 -2000% 04 0.05 573 0.89 0.06 0.93 0.000 -0.01
3 - 15.00 % 0 0 508 0.79 0.06 089  -0.001 -0.06
4 - 10.00 % 0 0 385 0.60 0.06 0.88 -0.001  -0.07
5 -5.00 % 0 0 323 050 0.06 086  -0.002 -0.08
6 +5.00 % 0 0 179 0.28 0.06 089  -0.001 -0.05
7 +10.00% 0 0 394 061 0.06 0.89  -0.001 -0.05
8 +15.00% 06 0.06 478 074 0.06 0.93 0.000  -0.01
9 +20.00% 09 0.1 605 094 0.06 0.92 0.000  -0.01
10 +2500% 0.7 0.08 68.1 1.06 0.06 0.93 0.000 -0.01
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3.4.2 Step-Input Variations in the Screw Speed

The absolute (K) and relative (KRr) steady state process gains for step-input variations in
the screw speed are shown in Table 3.2. Similar to the results observed for changes in the
starch feed rate, the changes in temperature due to changes in screw speed were
negligible, with the T changing by + 1°C with an increase/decrease in screw speed
respectively. These changes were due to an increase/decrease in the viscous dissipation
associated with material being worked between the screws and the barrel.

An increase in screw speed lead to a decrease in pressure due a decrease in the viscosity
of the melt due to increased shear (equation), and vice versa. Thus, the values of Ky for
this variable were negative. Also, it was observed that the values of the relative gains
were almost constant over the range studied, indicating the possibility of linearity. Unlike
the trend observed earlier in step changes in the starch feed rate, the values of Kg
decreased with an increase in the magnitude of step size.

An increase in the screw speed decreased the torque, while both have opposing effects on
the SME. The net result was a decrease in the SME, giving a negative value for Kg.
Similarly, the torque increased with a decrease in the screw speed, finally resulting in an

increase in the SME, giving negative values for Ky again.
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Table 3.2 Steady State Process Gains for Step-Input Variations in the Extrusion

Screw Speed.

No. Step Kr Krr Kp Kgrr Krorque Krrorque Ksme Krsme
Change
‘in Screw

Speed

1 -12.50% 0.04 0.08 -29 -0.80 -0.005 -147 0.000 -0.28
2 -10.00%  0.00 0 -2.8 -0.78 -0.006 -1.54 0.000 -0.39
3 -7.50% 0.00 0 -28 -0.78 -0.005 -1.52 0.000 -0.40
4 -5.00% 0.00 0 -29 -0.81 -0.005 -1.50 0.000 -0.43
5 -2.50% 0.00 0 -32 -0.89 -0.006 -1.56 -0.001 -0.52
6 +2.50%  0.00 0 -3.8 -1.06 -0.006 -1.67 -0.001 -0.71
7 +5.00%  0.00 0 -3.5 -097 -0.006 -1.56 -0.001 -0.63
8 +7.50% 007 013 -35 -098 -0.005 -146 -0.001 -0.57
9 +10.00% 0.05 0.10 -33 -092 -0.005 -131 0.000 -0.44

10 +1250% 0.04 0.08 -32 -0.88 -0.004 -1.21] 0.000 -0.36
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3.4.3 Step-Input Variations in the Moisture Content (% MC)

The absolute (K) and relative (Kg) steady state process gains for step-input variations in
the % MC are shown in Table 3.3. For the three process variables, T, P and SME; the
variations in moisture content induced greater responses than the variations in starch feed
rate and the screw speed.

It was observed that the temperature decreased by 3°C with only a 10% increase in the
moisture content, and it increased by 2°C with a 10% decrease in MC. This resulted in
higher values of Ky as compared to those reported earlier for the step tests in screw speed
and the starch feed rate.

Also, the pressure and SME values varied inversely with step changes in the moisture
content. A decrease in MC lead to an increase in the viscosity of the melt, leading to an
increase in the melt pressure and the torque (and thus SME). It was observed that the
values for the relative gain with respect to MC were almost constant implying a linear
system. It was also observed that the step changes in MC influenced the SME input more
than it affected the melt pressure, contradictory to the effects of changes in screw speed
and the starch feed rate. A decrease in MC lead to an increase in the viscosity of the melt,

leading to an increase in the melt pressure and the torque.
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Table 3.3 Steady State Process Gains for Step-Input Variations in the Moisture

Content.
No Step Kr  Kgr Kp Krr  Krorque KRrrorque Ksme Krsme
Change in
Moisture
Content

1 -10.00% -114.8 -0.19 -3789.6 -0.92 -5.2 -1.25 -1.78 -1.47
2 -8.00% -143.6 -0.24 -3588.7 -0.87 -5.2 -1.27 -1.79 -1.49
3 -6.00% 957 -0.16 -3445.1 -0.83 -54 -1.30 -1.82  -1.51
4 -4.00% -143.6 -0.24 -3445.1 -0.83 -5.6 -1.35 -1.88 -1.56
5 -2.00% 0 0.00 -37322 -0.90 -6.3 -1.53 -2.09 -1.73
6 +2.00% 0 0.00 -5167.7 -1.25 -5.5 -1.32 -1.82 -1.51
7 +4.00% -143.6 -0.24 -44499 -1.08 -5.3 -1.28 -1.78 -1.47
8 +6.00% -1914 -0.32 -4402.1 -1.06 -5.1 -1.23 -1.70 -1.41
9 +8.00% -143.6 -0.24 -42346 -1.02 -5.0 -1.20 -1.66 -1.38
10 +10.00% -1723 -0.29 -4191.6 -1.01 -4.7 -1.14 -1.59 -1.31
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3.4.4 Step-Input Variations in the PHAE Content

The absolute (K) and relative (KR) steady state process gains for step-input variations in
the PHAE feed rate are shown in Table 3.4.

It was observed that the changes in PHAE content did not affect the temperature of the
melt, except a change of + 1°C at a step change of -/+ 100% in the PHAE content
respectively. Also, the step changes in the magnitude of PHAE content marginally
affected the pressure giving low values of relative gain Kg as compared to those obtained
by step changes in starch feed, screw speed and the MC. A positive step change in the
PHAE content lead to a decrease in pressure, and vice-versa. Thus, the values of Ky for
this variable were negative. However, the controlled variable that PHAE content
influenced maximum is the SME input to the process. The SME decreased with an
increase in the PHAE content and vice-versa. The value of the relative gain for this
variable Kg was maximum near the set point and decreased as the magnitude of the step

change increased.
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Table 3.4

Steady State Process Gains for Step-Input Variations in the PHAE

Feed Rate.
No. StepChange K; Kgr Kp Krp  Krorque Krrorgue Ksme Krsume
in PHAE
Feed Rate
1 -100.00% -1.3  -001 -845 -009 -0.14 -0.15  -0.06 -0.22
2 -50.00% 0 0.00 -819 -0.09 -0.19 -0.21  -0.08 -0.28
3 -25.00% 0 000 -66.6 -0.07 -0.25 -0.27  -0.09 -0.34
4 -10.00% 0 000 -76.8 -0.08 -0.26 -0.28 -0.09 -0.34
5 +10.00% 0 000 -640 -0.07 -0.29 -0.32  -0.10 -0.38
6 +25.00% 0 000 -61.4 -0.07 -031 -0.33  -0.10 -0.39
7 +50.00% 0 000 -794 -0.09 -0.20 -022  -0.07 -0.27
8 +100.00% -13 -0.01 -934 -0.10 -0.15 -0.17  -0.06 -0.21

Thus, from the results above, it can be seen that the temperature was the least affected

output, while pressure and SME were the most affected outputs for the present screw

profile and operating conditions. For extruder control, moisture content seemed to be the

most influencing variable, followed by screw speed, the starch feed rate and PHAE feed

rate.

85



3.4.5 Linear Domains

From the relative steady state gains above, it can be seen that the system was typically
non-linear. However, it was possible to determine the minimal domain around the central
set-point, within which the process could be assumed linear. It is possible that the process
could be controlled within this domain using linear control algorithms. It was possible to
identify a linear domain by plotting the absolute variation of the output variable versus
the absolute variation of the input variable. Figures 3.3 (a), (b), (c), and (d) show the
variations in pressure with different step variations in the starch feed rate, screw speed,
moisture content, and PHAE feed rate respectively. The variations in torque and SME
with step-changes in these manipulated variables were plotted likewise, and are not
shown.

The absolute and relative linear domains for the various response variables to step-input
variations in the manipulated variables are shown in Table 3.5 (Entries 1 — 12). In the
case of pressure as the response variable (Entries 1 — 4, Table 3.5), the moisture content
possibly had the smallest linear domain of the system, and therefore, seemed to be the
most destabilizing variable of the system. PHAE feed rate, on the other hand, was the
least destabilizing variable. Under the present operating conditions, the starch feed rate
and the screw speed provided equivalent relative linear domains. Mulvaney et al. (13)
stimulated the food extrusion process by step tests on screw speed, moisture content and
feed rate and followed the process response through pressure records. They implicitly

made the hypothesis that the process is linear.
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Table 3.5 Absolute and Relative Linear Domains.

No. Process Control Variables Absolute Linear Relative Linear

Variables Domain Domain

1 Starch Feed Rate +1.67 kg/hr 1 15.00%

2 Screw Speed +25 rpm +12.50%
Pressure .

3 Moisture Content +1.74% + 10.00%

4 PHAE Feed Rate +0.39 kg/hr + 50.00%

5 Starch Feed Rate +2.8 kg/hr +25.00%

6 Screw Speed +25 rpm +12.50%

Torque

7 Moisture Content +1.74% + 10.00%

8 PHAE Feed Rate + 0.20 kg/hr +25.00%

9 Starch Feed Rate +1.67 kg/hr *15.00%

10 Screw Speed 1+ 15 rpm +7.50%

SME
11 Moisture Content +1.74% +10.00%
12 PHAE Feed Rate +0.39 kg/hr + 50.00%

For torque as the process response variable (Entries 5 — 8, Table 3.5), moisture content
and screw speed provided narrow linear domains of + 10% and + 12.5% respectively.
However, with respect to the variations in starch and PHAE feed rate, the process
variations in torque loading were linear in a relatively wider range of + 25%. With SME
as the response variable (Entries 9 — 12, Table 3.5), the screw speed seemed to be the
most destabilizing variable, since it governed the load (torque) on the extruder drive. The
moisture content had significant influence too, since it affected the viscosity of the

extrudate, which in turn governed the torque on the motor. Sanei (14) observed the
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change in viscosity (with an online rheometer) as a consequence of variations of screw
speed. The author concluded that the process is linear under the range of screw speeds
tested. Moreira et al. (15) used step tests on screw speed and moisture content to study
the dynamical behavior of the extruder through pressure. They performed step tests of
medium magnitude, and also back steps to return to the initial set point. They suggested
that the process might be non-linear.

Since, the temperature was not affected considerably, the linear domains were not
determined. The variation in temperature was characterized by small jumps (£ 1 - 2°C),
and hence, no particular trend was observed. Onwulata et al. (16), and Lu et al. (17)
undertook fairly complete studies by adding temperature as an input variable and by
following the effect of step tests both on product variables (like expansion ratio) and on
process variables (like melt pressure). The authors used step tests of great amplitude and

did not pronounce on the linearity of the system.

3.4.6 Dynamic Responses

Figure 3.4 shows the transient response of pressure to some step-input variations in the
moisture content. These transient responses of Pressure (P) and Torque to step-input
variations in the manipulated variables were modeled as first order processes (process
gain, K; time constant, 7) with a dead time, #; (lag) (FODT Model). Many processes are
higher than first order (contain more than one lag term) and so any first order model will
only be an approximation. However, the approximation is sufficient in most cases and
many of the Proportional-Integral-Derivative (PID) tuning procedures use a FODT

process model.
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Figure 3.4  Transient Response of Pressure to Different Step-Input Variations in
the Moisture Content modeled as a First Order Process with a Dead Time

(Lag): + 10% Step Change in the Moisture Content (a); + 8% Step Change in
the Moisture Content (b); + 4% Step Change in the Moisture Content (c);
Original Steady State (0% Step Change in the Moisture Content) (d); - 4%

Step Change in the Moisture Content (e); - 8% Step Change in the Moisture

Content (f); - 10% Step Change in the Moisture Content (g)

Costin et al. (18) critically reviewed dynamic modeling and control of plasticating
extruders, and concluded that the gross dynamic input/output behavior may be generally

described by simple first/second order models. Chan et al. (19) studied the pressure




responses to screw speed changes as a first order function times a lead-lag function to
effectively model responses with an initial increase or decrease followed by an
exponential decay to the final steady state value. Equation (3.5a) represents a first order
process with a dead time in the time domain, while Equation (3.5b) represents that

process in the Laplace domain, using ‘s’ as the Laplace operator.

P(t) =K,[l1- e-(Hd Ve 1- 4, (3.5a)

K, e
Pls)=—2—_. XY
(5)= K x(s)

(3.5b)
Where:

Kp — Steady State Process Gain for Pressure as the Response Variable

t — Time Constant for the First Order Process

t;— Dead Time (Lag)

X — Manipulated Variable (Starch Feed Rate/Screw Speed/Moisture Content/PHAE Feed
Rate)

Ay — Amplitude of the Step-Input Change in the Manipulated Variable

The steady state process gain, apparent time constant, and apparent dead time were
determined graphically based on the procedure developed by Ziegler and Nichols (24).
Table 3.6 provides the first order time constants and the dead times in addition to the
steady state process gains for the transient responses of pressure with step input

variations in the starch feed rate, screw speed, moisture content and PHAE feed rate,

while Table 3.7 provides the parameters for the transient responses of the torque loading.
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Table 3.6 Dynamic Properties (Pressure).

Step Changes in Process Steady State 1, Time Constant t4, Dead Time
Starch Feed Rate Gain, Kp (sec) (sec)
+5.00% 17.9 23 28
+15.00 % 47.8 25 32
+20.00 % 60.5 24 32
- 5.00% 323 24 29
-15.00 % 50.8 31 35
-20.00 % 57.4 31 36
Step Changes in Process Steady State 7, Time Constant t4, Dead Time
Screw Speed Gain, Kp (sec) (sec)
+5.00% -3.5 16 12
+ 10.00 % -33 15 13
+12.50 % -3.2 17 12
-5.00% -29 16 11
- 10.00 % -2.8 10 16
-12.50 % -29 9 18
Step Changes in Process Steady State T, Time Constant t4, Dead Time
Moisture Content Gain, Kp (sec) (sec)
+4.00 % -4449.9 12 18
+8.00 % -4234.6 10 21
+10.00 % -4191.6 13 20
-4.00 % -3445.1 12 19
-8.00 % -3588.7 10 24
- 10.00 % -3789.6 13 23
Step Changes in Process Steady State T, Time Constant ty, Dead Time
PHAE Feed Rate Gain, Kp (sec) (sec)
+25.00 % -61.4 24 22
+50.00 % -79.4 29 24
+100.00 % -93.5 38 26
-25.00% -66.6 27 20
-50.00 % -81.9 32 23
- 100.00 % -84.5 35 18
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Table 3.7 Dynamic Properties (Torque).

Step Changesin  Process Steady State 1, Time Constant tg, Dead Time
Starch Feed Rate Gain, Krorque (sec) (sec)

+ 5.00% 0.06 21 16
+15.00 % 0.06 26 15
+20.00 % 0.06 23 15

- 5.00% 0.06 19 20
- 15.00 % 0.06 22 18
-20.00 % 0.06 19 19

Step Changesin  Process Steady State 1, Time Constant ty, Dead Time
Screw Speed Gain, Krorque (sec) (sec)

+5.00% -0.006 13 10
+10.00 % -0.005 12 12
+12.50 % -0.004 15 10

-5.00% -0.005 9 11
-10.00 % -0.006 14 10
-12.50 % -0.005 12 8

Step Changes in Process Steady State T, Time Constant t4, Dead Time
Moisture Content Gain, Krorque (sec) (sec)

+4.00 % -5.3 10 12
+ 8.00 % -5.0 11 10
+10.00 % -4.7 7 15

-4.00 % -5.6 11 12

-8.00 % -5.2 11 14
-10.00 % -5.2 9 13

Step Changes in  Process Steady State 1, Time Constant tg, Dead Time
PHAE Feed Rate Gain, Krorque (sec) (sec)
+25.00 % -0.31 22 19
+50.00 % -0.21 26 16
+ 100.00 % -0.15 25 23
-25.00 % -0.25 16 20
-50.00 % -0.20 20 21
- 100.00 % -0.14 32 22
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The process gains have been discussed earlier in this section. The data for
characterization of the process were easily obtained in the laboratory, and subsequent
modeling and determination of parameters was straightforward. These models would be
suitable for dynamic simulation of the process using commercially available computer
software, which would enable optimization of the process via simulation. The individual
transfer functions could be combined to give a complete multivariable description of the
starch foam extrusion process.

It was observed that the time constants and the dead times recorded for both the pressure
and torque responses did not exhibit significant variation within each manipulated or
control variable tested. Thus, the system displayed linear dynamic characteristics with
respect to each manipulated variable. It was also observed that for the same step-input
variations in the manipulated variables, the torque loading on the twin-screw extruder
exhibited a faster response (lower dead time), and also reached a steady state sooner
(lower time constant). For example, for step-input variations in moisture content, the
dead time in the pressure response was ~ 20-22 seconds and the time constant was ~ 10-
13 seconds. However, the dead time in the torque response was ~ 11-13 seconds, while
the time constant was ~ 8-10 seconds.

Also, the response in pressure was fastest to step-input variations in the moisture content
followed by the screw speed and the starch and PHAE feed rates. The response in torque
loading was also fastest to step-input variations in the moisture content as well as the
screw speed followed by the starch and PHAE feed rates. Thus, the moisture content and
screw speed seem to be the most destabilizing variables since they induce rapid responses

in the process variables.
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3.4.7 Multiple Input Tests

The experimental design shown in Table 3.8 was implemented for the multiple input step

tests.

Table 3.8 Design for Multiple Input Tests.

PHAE Feed
Run Starch Feed Rate Screw Speed Moisture Content Rate
1 + 10% + 10% +10% + 10%
2 +10% +10% +10% 0%
3 +10% + 10% 0% +10%
4 +10% 0% +10% +10%
5 0% +10% +10% +10%
6 +10% +10% 0% 0%
7 0% +10% +10% 0%
8 0% 0% +10% +10%
9 + 10% 0% 0% +10%
10 +10% 0% +10% 0%
11 0% +10% 0% +10%
12 -10% -10% -10% -10%
13 -10% -10% -10% 0%
14 -10% -10% 0% -10%
15 -10% 0% -10% -10%
16 0% -10% -10% -10%
17 -10% -10% 0% 0%
18 0% -10% -10% 0%
19 0% 0% -10% -10%
20 -10% 0% 0% -10%
21 -10% 0% -10% 0%
22 0% -10% 0% -10%
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The experimental (measured) and calculated values (from Principle of Superposition) of

pressure, torque and SME are shown in the Figures 3.5, 3.6, 3.7 respectively.

950

|3 (P) (calculated)
900 |8 (P) (experimental) |

(Pressure) (psi)

9 10 11 12 13 14 15 16 17 18 19 20 21 22
Muitiple Input Runs

Figure3.5 Measured (Recorded) Values of Pressure compared to the Calculated
(from ‘Principle of Superposition®) Values for the different Multiple Step-

Input Variation Runs
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Figure 3.7  Measured (Recorded) Values of SME compared to the Calculated
(from ‘Principle of Superposition’) Values for the different Multiple Step-

Input Variation Runs
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The principle of superposition was fairly satisfied in the control variables, the error
margin being low, especially in the case of the pressure readings. It was also observed
that the pressure readings obtained from the experiment were always higher than those
calculated by the principle of superposition. The validity of the principle of superposition
in the above multiple input tests suggested that the process was sufficiently linear in the
domain tested.

A linear model was fit using STATEASE ‘Design of Experiments 6.0’ modeling software
with Pressure (P), Torque and SME as the response data; and the Starch Feed Rate,
Screw Speed, Moisture Content, and PHAE Feed Rate as the factors (manipulated
variables). The final model equations in terms of the coded factors ‘A’ (Starch Feed
Rate), ‘B’ (Screw Speed), ‘C’ (Moisture Content), and ‘D’ (PHAE Feed Rate) are shown
in Equations 3.6 (a), (b) and (c); while the final model equations in terms of the actual

factors are shown in Equations 3.7 (a), (b) and (c). Significance level was defined as P <

0.05.
P =738.03+54.454-70.55B-73.56C - 6.05D (3.6a)
Torque = 0.73+0.0784-0.082B - 0.064C - 0.023D (3.6b)
SME =0.21+5.432E-034-4.28E-03B-0.018C -9.655E -03D (3.6¢)

P =1693.75+48.79 (Starch Feed Rate)—-3.528 (Screw Speed)

(3.7a)
—4215.37 (Moisture Content)—77.58 (PHAE Feed Rate)
Torque = 1.648 +0.0695 (Starch Feed Rate)—4.115E — 03 (Screw Speed) (3.7b)
—3.684 (Moisture Content)—0.29 (PHAE Feed Rate) .
SME = 0.483 + 4.87E — 03 (Starch Feed Rate)-2.14 E — 04 (Screw Speed) 370

—1.058 (Moisture Content)-0.124 (PHAE Feed Rate)
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Figure 3.8 (a) shows the response surface of pressure for the starch feed rate and screw
speed as manipulated variables, while Figure 3.8 (b) shows its response surface for the
moisture content and PHAE feed rate as input variables. Thus, figure 3.8 shows that
variations in the moisture content, screw speed and the starch feed rate induced
significant variations in pressure as compared to those due to step-changes in the PHAE
feed rate. Similarly, Figures 3.9 and 3.10 show the response surface for torque and SME
respectively. Figures 3.11, 3.12, 3.13 show the comparison between the actual values of
pressure, torque and SME obtained and the values from the linear model developed
respectively. The variance analysis for these data revealed a determination coefficient
(R?) of 0.9943 (P < 0.0001). Similarly, the R? values for torque and SME were 0.9502 (P
< 0.0001) and 0.9533 (P < 0.0001) respectively. Thus, multiple regression analyses
showed a significant linear effect of the manipulated variables on the response variables.
The coefficients of the manipulated (input) variables in Equations 7 (a), (b) and (c) are
similar to the values of the steady state process gains for the corresponding single step-
input tests performed earlier, suggesting the linearity of the process within the domain
tested.

The non-linearity of the process was demonstrated by Cayot et al. (20) by the observation
of the transient responses. Majority of the responses were reported to be of first order
with a delay. Second order responses were also recorded by Cayot et al. (20) but no
correlation was developed between the response and the manipulated variables.

The decision of whether automation is cost-effective really depends on the skill of the
operator and the frequency of start-up and shutdown. In many instances, the feed material

dictates the feasibility of a fast start-up or shutdown. For example, start-up can be as
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quick as 2 — 3 minutes for extruding pet food cereals with feedstock at 20% moisture and
at 2000 kg/hr, while it took 25-30 minutes for the start-up of starch foam sheets with the
feed at 11.2% inherent moisture and at about 400 kg/hr. The production of the starch
foam sheets on a manufacturing scale will be discussed in the following Chapter 4. Start-
up may take only a short time but, more importantly, stable production took considerably
longer. As the machine size increased, the time taken to achieve thermal stability usually
increased. The Wenger TX — 80 twin-screw extruder producing 400 — 420 kg/hr of starch
foam sheets took 40 — 60 minutes for the product quality to stabilize. During this time,
the product bulk density, texture, etc. changed as the die-block and screw temperature
increased. Hence, the water addition, screw speed, barrel temperature, and sometimes
starch feed-rate had to be varied to keep the quality within specification. Operators not
conversant with extruder effects on product quality will find this difficult. This is where
process control can help. Simple closed feedback control loops can be superimposed to
be effective.

The main controlling parameters were the specific mechanical energy input (SME) and
die pressure. The SME value is a function of the measured screw torque, and if the screw
speed and feed-rate are kept constant, then the torque can be directly adjusted using water
addition. This was carried out manually like most other extruder operations. The water
adjustment was made to allow for moisture variability in the starch. It was correlated to
the bulk density and the texture of the product. The manual operation could be eliminated
by using a servomotor pump system, with feedback control from the torque measurement.
Barrel temperature could be simply linked to the measured product temperature, which is

normally measured within the die housing.

107



Die-pressure adjustment on-the-run is not a common facility on extruders, but a type of
throttle valve could be used to give variable gaps between the end of the screw and the
die entrance.

Although process control can help production and quality consistency, natural raw
materials like starch do vary in physical composition. Determining the reasons why
torque, die-pressure or temperatures fluctuate between batches or over a time-span is
complicated. Strict quality control of raw materials and data acquisition during
production can help in piecing together the whole story.

Sensors have been used to quantify moisture distribution and viscoelastic properties of
the material within dié assemblies. In recording data, it is important not to rely on one
single measurement. Pressure transducers are known for their temperature sensitivity and
if positioned in the barrel within a dead space, material can plug the space and give an

artificial pressure reading. Having more than one probe is more reliable, but costs more.
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3.5 Conclusion

The starch foam extrusion process was modeled as a Multiple Input Multiple Output
(MIMO) process, and the dynamics of the process were studied as a response to step
changes in the input variables such as starch feed rate, screw speed, moisture content and
PHAE feed rate. The responses were modeled as first order responses with a time delay.
The linearity of the process was determined over a range around the set-point, and the
parameters defining the first order system such as Gain ‘K’, Time Constant ‘t’, and Dead
time ‘ty’ were determined in the linear range. The transfer function models can then be
used in a predictive computer control system for on-line fine-tuning of the operating
conditions. This could ensure a consistently high quality product even when low
frequency disturbances are present in the system. It was observed that the time constants
and the dead times recorded for both the pressure and torque responses did not exhibit
significant variation within each manipulated or control variable tested. Thus, the system
displayed linear dynamic characteristics with respect to each manipulated variable. It was
also observed that for the same step-input variations in the manipulated variables, the
torque loading on the twin-screw extruder exhibited a faster response (lower dead time),
and also reached a steady state sooner (lower time constant). The response in pressure
was fastest to step-input variations in the moisture content followed by the screw speed
and the starch and PHAE feed rates. The response in torque loading was also fastest to
step-input variations in the moisture content as well as the screw speed followed by the
starch and PHAE feed rates. Thus, the moisture content and screw speed were the most
destabilizing variables since they induce rapid responses in the process variables. The

moisture content in the extruder was, hence, determined to be the most influential factor
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in the stability of the process followed by screw speed and starch feed rate. PHAE feed
rate was the least significant variable.

Multiple step-input tests were carried out in order to determine the validity of the
principle of superposition. The validity of the principle of superposition implied the
linearity of the process in the domain tested. The hypothesis of linearity is an implicit and
necessary prerequisite to most of the classical techniques of process control. A linear
model was fit using STATEASE ‘Design of Experiments 6.0’ modeling software with
Pressure (P), Torque and SME as the response data; and the Starch Feed Rate, Screw
Speed, Moisture Content, and PHAE Feed Rate as the factors (manipulated variables).
Multiple regression analyses showed a significant linear effect of the manipulated
variables on the response variables.

Once the dynamics of the starch-based foam process, and the influence of the
manipulated variables on the process and product'variables were studied, it was necessary
to determine the melt viscosity of the starch-PHAE plastic, which showed immense
promise for the large-scale manufacture of starch-based foam sheets from the previously
developed optimized formulation. The subsequent Chapter 4 deals with the development
of such a viscosity model for the starch-PHAE blend, and its dependence on the
aforementioned variables. This viscosity model was further used in the design of an
annular die for the production of starch-PHAE foam sheets to be targeted for cushioning

and insulation applications.
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Chapter 4

ANNULAR DIE DESIGN AND SCALE-UP OF THE STARCH-PHAE

FOAM EXTRUSION PROCESS

4.1 Abstract

Cylindrical starch foam shapes were produced on a small scale (~ 11-12 kg/hr) Century
ZSK - 30 Twin Screw Extrusion (TSE) process using water as a plasticizer as well as a
blowing agent, and poly(hydroxy aminoether) (PHAE) as a functional aid to improve the
physico-mechanical properties of the starch foams. A bifurcated die was used for the
determination of the viscosity model for the earlier optimized starch- PHAE based foam
formulation to be scaled up for the production of starch foam sheets. A Power Law
behavior was assumed, and the parameters in the Power Law model such as Consistency
Coefficient ‘K’, and Flow Behavior Index ‘n’ were obtained as functions of temperature,
moisture content, PHAE content and the Specific Mechanical Energy (SME) input to the
extruder. The flow behavior index varied between a minimum of 0.11 (MC = 17.52%, T
= 110°C, PHAE = 7%, Screw Speed = 250 rpm) to a maximum of 0.52 (MC = 50.15%, T
= 110°C, PHAE = 7%, Screw Speed = 200 rpm). The variation in the flow behavior
index was considerable with variations in moisture content (0.17 — 0.52 with MC =
17.5% - 50.15% respectively), while temperature, screw speed, and the PHAE content
did not affect the value of ‘n’ significantly. The Consistency Coefficient varied between a
minimum of 3208 Pa.s" (MC = 50.15%, T = 110°C, PHAE = 7%, Screw Speed = 200
rpm) to a maximum of 140965 Pa.s" (MC = 17.52%, T = 110°C, PHAE = 0%, Screw
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Speed = 200 rpm). The variation in the Consistency Coefficient was also substantial with
variations in moisture content (107880 Pa.s" — 3208 Pa.s" with MC = 17.5% - 50.15%
respectively), while temperature, screw speed, and the PHAE content did not affect the
value of ‘K’ appreciably. An annular die was designed for the manufacture of starch
foam sheets using the viscosity model developed for the starch-PHAE formulation
(K=107880 Pa.s" & n=0.17 at MC = 17.52%, T = 110°C, PHAE = 7%, Screw Speed =
200 rpm), which provided the best physico-mechanical properties. The density of the
cylindrical foam extrudates obtained on the Century ZSK — 30 was 22-23 kg/m3.This
annular die was then successfully employed on an industrial scale (410-420 kg/hr) twin-
screw food extruder, Wenger-80, to manufacture foam sheets. The density of the foam
sheets was 27-30 kg/m’.

These results were then employed on an industrial scale (410-420 kg/hr) twin-screw food
extruder, Wenger-80, to manufacture foam sheets. The density of the foam sheets was 27-

30 kg/m’. The cushioning and insulation properties were studied and are reported.

4.2 Introduction

Common rheological models that are used to describe the viscosity of starch plastics as a
function of shear rate are the Power Law or the Ostwalde - de Waele model (1), Casson
model (2), Bingham (3), and Herschel-Bulkley model (4). Of these, the model that is

widely used is the Power Law model. In a Power-Law model, 7 = Ky", the Consistency

Index ‘K’, and the Flow Behavior index ‘n’ are determined by plotting the shear stress
(AP) against the shear rate (flow rate) on a logarithmic plot. The slope gives the value of
‘n’, while the y-intercept gives the value of ‘K’. The drawbacks, however, are that the

viscosity approaches a value of zero as the shear rate increases to infinity, and vice-versa.

114



Starch plastics may exhibit a yield stress. The models developed by Casson (2), Bingham
(3), Herschel-Bulkley (4) (generalized Power Law model, with a yield stress added), and
Mizrahi-Berk (5) incorporate terms defining the yield stress. Ofoli et al. (6) proposed
another model that allowed for a yield stress, variable shear thinning and limiting
viscosity at high shear rates. Disadvantages are the mathematical complexity of the
model and the difficulty in obtaining model parameters without sophisticated computer
programs. The Cross (7), Reiner — Philippoff (8), Van Wazer (9) and Powell — Eyring
(10), Carreau (11) are useful in modeling pseudoplastic behavior over low, middle, and
high shear rate ranges.

Table 4.1 (6, 12) lists these models available in the literature. The Power law model has
found extensive use as a constitutive equation describing starch plastics because of its
simplicity and ease of parameter estimation, and for extrusion operations (higher shear
rates), it is more than adequate.

Several rheological models for extrusion of starch or protein doughs have been reported
in the literature. Harper et al. (13) modeled the viscosity as a power law dependence on
shear rate, an Arrhenius dependence on temperature, and an exponential dependence on

moisture:
n(y)= Ky exp(%)exp(— kMC) (4.1)

Where 7 is the shear viscosity; K, the Consistency Coefficient; n, the flow behavior
index; AH, the molar “free energy of activation” in a stationary fluid, which is related to
the amount of energy required for a molecule to escape its surroundings and move into an
adjoining site; R, the universal gas constant; and k;, the moisture content (MC)

coefficient.
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Table 4.1 Viscosity Models from Literature

Model Shear Stress Apparent Viscosity
Newtonian T=puy n=u
Bingham _ , o
Plastic r= 4 + Hoy n=tyy + Hy
Herschel - . T . n-l
05 _ _05 -70.5 _ 2
Casson T =7, + (/uco}/) || 2o + 1%
n . He
/4
Mizrahi - 0.5 - m . -0.5 - m=0.52
Berk v =K MKy n=(KMy™ +K y7")
n /n
Heinz - n _ _n o \n TO n
Casson T0 =7 +(47) n= 7 tHy
" Jn
4
’70 -7700
Cross =N, + 5
=1 1+K,y"
Reiner - _ Mo —Mw |
Philippoff ~ * |T=" 2,
1+|7 (e
1
Van 7= o — N +7
Wazer 1+Ky+K,pm 7
Powell — . | S )
; t=K y+|— [sinh™ (K
ovell - oK (Kj (K.7)
n-1)
1%
Carreau 77="co+(770_7700i1+(K17) ]( ?
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Online measurements are typically used to characterize the viscosity of starch plastics, to
determine the power law relationship between the viscosity and shear rate. The extruder
can be effectively used as a rheometer by attaching a capillary/slit die to the extruder
(14). Online measurements using extruders are preferred to offline measurements using a
capillary rheometer, since the conditions in the extruder are not possible to replicate in
the offline techniques. A problem associated with this method to measure the power law
coefficients is how to vary the extruder conditions to get different shear rates without
changing material properties. At least three different shear rates are required. In a starve-
fed extruder, this can be done by varying the flow rates. Apart from parameters such as
moisture content, temperature, screw speed, the rheological properties of starch plastics
are also dependent on molecular transformations such as gelatinization, melting and
fragmentation (15). This molecular degradation, which is affected by shear rate,
temperature and residence time (16, 17) resulted in a wide variation in power law values,
and sometimes negative values (18, 19). Changing the flow rate to get different shear
rates resulted in different processing histories and, hence, changed rheological properties.
Empirical terms for molecular degradation have been accounted for in several proposed
models to correct for these effects of physico-chemical changes (16, 19-21). The
approach was to modify Harper’s equation to include additional terms related to degree
of gelatinization, screw speed and mechanical energy input. However, these models could
not be generalized for other systems, since they were developed through empirical studies
and statistically fitted.

The flow diversion method (use of a side-stream valve) was developed to avoid changing

processing conditions in a single-screw extruder (22, 23). Flow rate through the die was
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varied by diverting a part of the starch melt through a valve at the end of the barrel,
before it entered the die. Thus, all the material experienced the same processing history,
while different flow rates were achieved in the die leading to different shear rates.
Vergnes et al. (24) and Della Valle et al. (25) used a specially designed slit die called
‘Rheopac’ to study cornstarches with different amylose contents. Using this die the flow
was split into two slit channels, and the flow was varied in each channel by adjusting a
piston. Thus, the entrance pressures and the overall flow rate are kept constant, and the
flow through the primary channel is varied to get a range of shear rates. This method still
required several measurements to determine the flow behavior index.

Drozdek et al. (26) used a dual orifice die to measure flow behavior index values during
extrusion of food materials. The two orifices had different radii, and different lengths
resulting in different flow rates for a material, which has undergone the same processing
history in the extruder. The dual orifice die simplifies the determination of flow behavior
index by using only one condition, thus minimizing experiments, and also removes the
need for entrance and exit conditions. However, in this study, the consistency coefficient
was not determined or studied, since pressure transducers at the entrance to the bifurcated
flow channels were not installed due to geometry restrictions. Also, no specific
relationships were determined between the flow behavior index and the parameters
involved such as temperature, moisture content, screw speed and the mechanical energy
input.

In our previous paper (27), a comprehensive explanation on the twin-screw extrusion
production of starch foams using PHAE as the functional aid, as well as on the

optimization of the process has been provided. This research aims at determining the flow
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behavior index, as well as the consistency coefficient using a bifurcated die. The effect of
temperature, moisture content, screw speed, PHAE content, and the Specific Mechanical
Energy (SME) on the consistency coefficient and flow behavior index was also studied.
Further, the specific viscosity model developed for the optimized formulation for
producing resilient low-density Starch-PHAE foams was used to design the annular die to
be used in the large scale production of starch foam sheets on a Wenger TX-80 twin-

screw extruder.

4.3 Theory

The volumetric flow rate (Q) through a capillary of length ‘L’ and radius ‘R’ has been

derived using fundamental momentum balances (12):

0 17
E“T‘i‘ szf(r)dr...m.z)

. 1
For a power law fluid, this integral is solved by inserting ¥ = f (T) = (‘r/ K )A into the

equation. Integration and substitution of 7,, = (6P)R/(2L) gives:

= T n
2LK ) \3n+1 - (43)

If the product is extruded simultaneously through two capillaries (as in a dual orifice die),
with different radii and lengths, the pressure drop through each capillary is the same.

Therefore, the ratio of flow rates of the large (Q) and the small (Qs) capillaries is:

0, (R (LY
_Q_z E ZL_ ...(44)
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The consistency index ‘K’ and the flow behavior index ‘n’ are assumed constant since the
product through each capillary has experienced identical extrusion environment. The
flow behavior index is calculated using measured values of the flow rate through each die

orifice, and the dimensions of each capillary.

lo L—S +lo Ei
8L ) 8 .
"o N (49)
log| L |-310g &£
Og(Qs] °g(Rs]

The value of ‘n’ obtained can be re-substituted in the above equation for the flow rate,

and knowing Q and AP, the value for ‘K’ can be calculated. The pressure transducer
measures the pressure just before the material enters the die. The assumption made here

is that the pressure drop is entirely due to the die.

4.4 Experimental Section

4.4.1 Materials

The type of starch used was hydroxypropylated high amylose cornstarch (70% amylose
content). The starch was purchased from National Starch and Chemicals (Indianapolis,
IN), under the trade name of HYLON 7. The inherent moisture content of the starch was
11.2% under ambient conditions. Water was used as the plasticizer as well as the blowing
agent. Water content was maintained at 8-10% of the starch used. PHAE is an additive,
which offers the adhesion and durability of epoxy resins with the flexibility and
processability of thermoplastic resins. PHAE was purchased from Dow Chemicals
(Midland, MI), under the trade name BLOX 110. PHAE has a melt temperature of 75°C,

and is produced by reacting liquid epoxy resin (LER) with hydroxy functional
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dinucleophilic amines and diglycidyl ethers of bisphenol-A, hydroquinone, or resorcinol

(RDGE) (28, 29).

4.4.2 Experimental Setup

The experimental setup used in this study was a twin-screw extrusion system. The twin-
screw extrusion system consisted of an extruder driver with a speed control gearbox, a
Century ZSK-30 twin-screw co-rotating extruder with a screw diameter of 30 mm, an
L/D of 42, a positive displacement pump for injecting water into the extruder, accurate
single-screw feeders for feeding starch and PHAE. The screw configuration employed in
this study is shown in Figure 4.1, and was based on our previous work.

A cylindrical filament die 2.7 mm in diameter and 8.1 mm in length, with a cooling
sleeve was assembled to the extruder. The sensors were mounted on the die to measure
the temperature and pressure of the melt. A high-speed cutter was used to get cylindrical

foam samples of required size.
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4.4.3 Bifurcated Die

The bifurcated die design is shown in Figure 4.2. The smaller filament die was 3 mm in
diameter and 12 mm in length (L/D = 4), while the larger capillary die was 5.6 mm in
diameter with a length of 19.6 mm (L/D = 3.5). Thus, each filament die was sufficiently
long (L > 2D) to ensure fully developed flow through the die. An appreciable part of the
pressure drop (AP), which occurs across the die, can be due to the pressure drops, which
occur due to the constriction at the entrance of the die, and expansion losses at the exit.
The constriction losses at the entrance were minimized by tapering the entrance, rather
than an abrupt change in the cross-sectional area of the channel of flow. The die could be
maintained at the set temperatures due to good temperature controllers on the extruder.
The pressure transducer and the thermocouple were positioned as shown Figure 4.2.

The viscosity model developed for the optimized formulation (27) was used for the
design of an annular die to be used on the Wenger TX- 80 twin-screw manufacturing
scale extruder, for the production of Starch-PHAE based foam sheets. The Wenger TX-
80 twin-screw manufacturing scale extruder had a screw diameter of 80 mm and an L/D

of 16. An annular die of width 2 mm was used.
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4.4.4 Procedure

The temperatures in the extruder zones were set up to reach the required temperatures.
The temperature profile is as follows:

Zone 1: 20°C (cold feed)

Zone 2: 100°C

Zone 3: 115°C

Zone 4: 120°C

Zone 5: 125°C

Zone 6: 125°C

Zone 7: 120°C

Zone 8: 120°C

Zone 9: 115°C

Die: 110°C

Melt Temperature: 110-112°C

The feeder for starch was calibrated and set at a particular speed to feed at 11.2 kg/hr (~
25 Ib/hr). The other feeder/feeders were calibrated and set at feeding rates accordingly.
Initially, during start-up, water was pumped into the system at 15-20% of the starch fed,
and later its flow rate was reduced to about 8-10% of starch. The inherent moisture
(11.2%) present in starch also helped in plasticization of starch. Thus, the total moisture
content was 17.5%. The screw speed was maintained at 200 rpm.

Each extrusion trial was characterized by different parameters, changing one parameter
value at each time within the following ranges: screw speed: 150 — 250 rpm, total

moisture content: 17.5 % - 50.15% w/w (total weight basis), process temperature
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(temperature at the die): 110°C - 120°C, PHAE content: 0% - 14% w/w (total weight
basis). When the operating conditions were changed, extrusion was continued until the
torque and the die pressure stabilized. The Specific Mechanical Energy (SME) was
determined using the following equation (4.6) to quantify the thermo-mechanical

treatment:

RPM

a

kW x Torquex

RPM
SME = - - (4.6)

SME = Specific Mechanical Energy (kW-hr/kg)

kW = Rated motor power (kW)

Torque = Motor Load (decimal)

RPM, = actual screw speed

RPM, = rated screw speed

m = Mass flow rate (kg/s)

The SME value remained sufficiently constant during and extrusion experiment with +
2%. The extrudate was collected from each capillary simultaneously for at least a minute,
and weighed to determine the mass flow rate. The density of the hydroxypropylated high
amylose corn starch was 1410 kg/m’, while that of PHAE was 1340 kg/m’. The density
of the extrudate within the die was determined using conservation of mass, and assuming
the simple additivity of volumes. The mass flow rates were then converted into the
volumetric flow rates, which were further used to determine ‘n’ and then ‘K’ using
Equations (4.5) and (4.3) respectively.

The values of ‘K’ and ‘n’ obtained for the varying conditions of temperature, moisture

content, PHAE content, and specific mechanical energy were fit to a model deemed
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appropriate, using STAT-EASE ‘Design of Experiments 6.0’ modeling software. A
central composite Response Surface experimental design (30) was employed to
investigate the influence of temperature, moisture content, PHAE content, and specific
mechanical energy on the consistency coefficient ‘K’ and flow behavior index ‘n’.

Regression analyses were employed to fit the experimental data to linear polynomials

3.
4.5 Results and Discussion

4.5.1 Effect of Moisture Content, Temperature, PHAE content and Screw Speed
on ‘K’ and ‘n’:

Table 4.2 shows the values of the consistency coefficient ‘K’ and flow behavior index ‘n’

obtained under varying conditions, while Table 4.3 provides the values for the apparent

and actual shear rates through the smaller and larger filament dies for the different

processing conditions used for the determination of ‘K’ and ‘n’. The apparent and actual

shear rates (12) were calculated from the following equations (4.7) and (4.8):

. 320
Vap = D° 4.7)

3n+1

}}acl = T ) }"app (4.8)

The apparent shear rate in the filament dies varied from a minimum of 28.5 s to a
maximum of 139.8 s™! for the smaller capillary, while it varied from 88 s™ to 181.1 s™' for
the larger capillary die. The influence of each variable of the thermo-mechanical
treatment was analyzed by maintaining the other variables constant, which is sometimes

difficult due to the close interactions between the variables.
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Table 4.3 Values of apparent and actual shear rates for various input conditions.

No MC PHAE T SS Small Die Capillary  Large Die Capillary
(D=3mm,L/D=4) (D=5.6 mm,L/D=3.5)

% % ° y y y y
) Gy C oy Vet Ve -

(1/s) (1/s) (1/s) (1/s)
1 17.52% 7.0% 383.16 200 43.6 95.9 94.5 208.0
2 2539% 7.0% 383.16 200  69.2 114.5 112.2 185.6
3 3098% 7.0% 383.16 200  85.8 122.5 123.2 175.9
4 41.10% 7.0% 38316 200 1124 1432 148.7 189.5
5 50.15% 7.0% 383.16 200 139.8 1726 181.1 223.7
6 17.52% 0.0% 383.16 200 33.1 85.4 88.0 227.6
7 17.52% 3.5% 383.16 200 379 90.8 91.3 2189
8 17.52% 10.5% 383.16 200  48.7 100.5 98.2 202.5
9 17.52% 14.0% 383.16 200  53.4 105.0 102.3 201.0
10 17.52% 7.0% 393.16 200 46.8 96.2 94.0 193.4
11 17.52% 7.0% 403.16 200  51.9 95.8 93.2 172.2
12 17.52% 7.0% 413.16 200  55.3 94.9 92.7 159.0
13 17.52% 7.0% 433.16 200 57.7 93.7 92.0 149.5
14 17.52% 7.0% 383.16 150 58.3 93.7 92.1 148.0
15 17.52% 7.0% 383.16 175  53.1 95.5 92.9 167.2
16 17.52% 7.0% 383.16 225  38.1 93.9 95.3 235.1
17 17.52% 7.0% 383.16 250  28.5 86.7 97.0 295.4
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Figures 4.3 — 4.6 below show the individual dependence of the Consistency Coefficient
‘K’ and Flow-Behavior Index ‘n’ on each of the variables such as Moisture Content,
Temperature, PHAE content, and the Specific Mechanical Energy (SME) input
respectively. Figures 4.3 — 4.6 show that ‘K’ shows an inverse and a direct power-law
dependence on the moisture content (Figure 4.3) and the SME (Figure 4.6) of the system
respectively, while it decreases exponentially with the die temperature (Figure 4.4); also,
‘K’ decreases linearly with an increase in the PHAE content (Figure 4.5). On the other
hand, ‘n’ shows a linear decrease with an increase in SME (Figure 4.6), while a linear
increase with an increase in the PHAE content (Figure 4.5). Also, ‘n’ increases
logarithmically with increments in the moisture content (Figure 4.3) of the extrudate and

the die temperature (Figure 4.4).
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Figure4.3 ‘O: K’ and ‘H: n’ as functions of Moisture Content.
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The flow behavior index varied between a minimum of 0.11 (MC = 17.52%, T = 110°C,
PHAE = 7%, Screw Speed = 250 rpm) to a maximum of 0.52 (MC = 50.15%, T = 110°C,
PHAE = 7%, Screw Speed = 200 rpm). The variation in the flow behavior index was
considerable with variations in moisture content (0.17 — 0.52 with MC = 17.5% - 50.15%
respectively), while temperature, screw speed, and the PHAE content did not affect the
value of ‘n’ significantly. The Consistency Coefficient varied between a minimum of
3208 Pas" (MC = 50.15%, T = 110°C, PHAE = 7%, Screw Speed = 200 rpm) to a
maximum of 140965 Pa.s" (MC = 17.52%, T = 110°C, PHAE = 0%, Screw Speed = 200

rpm). The variation in the Consistency Coefficient was also substantial with variations in
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moisture content (107880 Pa.s" — 3208 Pa.s" with MC = 17.5% - 50.15% respectively),
while temperature, screw speed, and the PHAE content did not affect the value of ‘K’
appreciably.

The flow behavior index ‘n’ increased with an increase in the moisture content, while the
consistency coefficient ‘K’ decreased. Similarly, ‘n’ increased and ‘K’ decreased with an
increase in the die temperature, increase in the PHAE content, and a decrease in screw
speeds. However, temperature, screw speed, and the PHAE content did not affect the
value of ‘n’ significantly. This trend was similar to that obtained by Della Valle et al (25).
However, the values of ‘n’ obtained were slightly lower, while the values of ‘K’ were
considerably higher. Flow behavior index values were obtained in the range from 0.10 —
0.66 (25) for high amylose corn starch (70% amylose) for moisture contents of 20.5 —
36%, die temperatures of 105 - 190°C, and screw speeds of 130 — 240 rpm. Flow
behavior index values were obtained in the range from 0.296 — 0.443 (22, 23) for comn
meal for moisture contents of 25 — 35%, die temperatures of 160 - 180°C, and screw
speeds of 160 — 240 rpm. However, several negative values were obtained too.

The viscosities were determined at a random shear rate of 200 sec™', which is typical in
extrusion dies (32), under foaming conditions. It was observed that the viscosity of the
starch plastics decreases with an increase in moisture content, increase in PHAE content,
increase in temperature, and an increase in screw speeds. Clark (33) has discussed the
reasons for the acceptance of the power law model for describing the rheological
behavior of intermediate and low moisture starch plastics. It does not account for a yield

stress, which are not particularly important in extrusion work.
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The power law viscosity model so obtained is used to calculate the actual shear rate and
shear stress, and thus used in the following protocol to determine the land length of the
annular die for that particular formulation and that particular pressure drop. This annular
die would be used in the manufacturing of the Starch-PHAE foam sheets on the Wenger
TX — 80 TSE. It is to be noted, however, that ‘K’ and ‘n’ are functions of temperature,
moisture content, PHAE content, and the mechanical energy input. Thus, the final model

can be considered as:

r = K(MC, T, PHAE, SME)y"MC-T-PHAESME) 4 g1
The model obtained for the optimized formulation in the production of starch foam sheets
(hydroxypropylated high amylose cornstarch with 17.5% moisture content, 7% PHAE
content, at 110°C, and at 200 rpm) is:

r =107880y°"

n = 10788055 (4.10)

A linear model was fit using STATEASE ‘Design of Experiments 6.0’ modeling software
with the Consistency Coefficient (K), and flow behavior index (n) as the response data;
and the die temperature, SME, Moisture Content, and PHAE Feed Rate as the factors.
The final model equations in terms of the coded factors ‘A’ (Die Temperature), ‘B’
(SME), ‘C’ (Moisture Content), and ‘D’ (PHAE Feed Rate) are shown in Equations 4.11
(a), and (b); while the final model equations in terms of the actual factors are shown in
Equations 4.12 (a), and (b). Significance level was defined as P < 0.05.

In(K)=9.56-0.264 +1.11B -1.01C +0.13D (4.11a)

n=0.31+0.0154-0.30B-0.068C -0.07D (4.11b)
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In(K) = 12.65 - 0.01 (Die Temperature)+13.95 (SME)

(4.12a)
~6.20 (Moisture Content)+1.92 (PHAE Content)

n=1.126+5.85x10~ (DieTemperature)-3.81 (SME)

(4.12b)
~0.415 (Moisture Content)—-0.995 (PHAE Content)

The die temperature is expressed in the absolute scale K, the moisture content and PHAE
content are normalized values (between 0 and 1), SME is expressed in KW-hr/kg. Figure
4.7 shows the response surface of ‘K’ for the die temperature and SME as factors, while
Figure 4.8 shows its response surface for the moisture content and PHAE feed rate as
independent variables. The response surface of ‘n’ for die temperature, SME and for
moisture content, PHAE content has been is shown in Figures 4.9 and 4.10. Thus, Figures
4.9 — 4.10 show that variations in the moisture content and SME induced significant
variations in the consistency coefficient ‘K’ and the flow behavior index ‘n’ as compared
to those due to changes in the die temperature and the PHAE content. Figures 4.11 and
4.12 respectively show the comparison between the actual values of ‘K’ and ‘n’ obtained
and the values from the models developed. The variance analysis for these data for ‘K’
revealed a determination coefficient (R?) of 0.9793 (P < 0.0001). Similarly, the R? value
for ‘n’ was 0.9865 (P < 0.0001). Thus, multiple regression analyses showed a significant
linear effect of the independent variables on the flow behavior index, while an

exponential effect on the Consistency Coefficient.
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4.5.2 Annular Die Design for Foam Sheet Extrusion

The primary function of the die is to impart shape to the extruded product. The secondary
function of the die is to provide optimum pressure at the screw tip to assure that the
extruder properly mixes the polymer and delivers it to the die at a uniform rate. The
design is optimized by maximizing the pressure drop in the orifice region and minimizing
the pressure drop in the other regions. The region having the highest pressure drop has
the greatest influence on the flow distribution.

The pressure drop in the orifice region was controlled by setting the land length in order
to provide a sufficient pressure drop. The viscous properties of the starch-PHAE blend
determined above were considered for the design of this annular die. The pressure
gradient and the flow rate through the die must be great enough to prevent premature
foam formation within the die. If the extrusion rate is too low or the temperature is too
high, foam will form within the die, cells will be ruptured by the shearing action, and the
structure will collapse.

4.5.2.1 Using a viscosity model for Shear Stress, 7 , and Shear rate, y calculations:

The Power Law model as obtained in Equation (4.10) for the optimized formulation in
the production of starch foam sheets (hydroxypropylated high amylose cornstarch with
17.5% moisture content, 7% PHAE content, at 110°C, and at 200 rpm), was used for the
design of the annular die as shown in Figure 4.1