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1

1.1  Sustainability Definition

Sustainability has many definitions. The most common definition of sustainability 
has its roots in a 1987 United Nations conference, where sustainability was defined 
as “meeting the needs of the current generation without compromising the ability 
of future generations to meet their needs” (WCED 1987). Sustainable materials, 
processes, and systems must meet this definition and not compromise the ability 
of future generations to provide for their needs while providing for the needs of 
the current generation. Thus, for plastics manufacturing, materials and processes 
used today should not deplete resources for future generations to produce plastic 
materials.

Sustainability can be measured by the outcomes of using a material, process, or 
system on the environment, society, and economy. The three components of sus-
tainability have economic, social, and environmental aspects and are related with 
each other as shown in Figure 1.1.

Materials, processes, and systems can have environmental, economic, and soci-
etal impact. Sustainable materials, processes, and systems have all three impacts. 
For example, the development of materials will have environmental impacts of 
using raw materials, energy sources, and transportation that come from natural 
resources, which can create air, land, and/or water pollution; economic impacts 
are creating commerce, jobs, and industries; and societal impacts are creating 
roles for jobs and services. Some new materials for clothing were evaluated for 
sustainability (Provin et al. 2020). They found that relating new materials to the 
sustainable development goals of 2030 Agenda from the United Nations is neces-
sary due to the important issues presenting challenges at the global level, in 
relation to the economic, social, and environmental pillars of sustainability.

1

Introduction to Sustainability



1  Introduction to Sustainability2

Organizations are often analyzed with a “Triple Bottom Line” approach to 
 evaluate the social, economic, and environmental performances of a company 
(Vanclay, F., 2004). This approach is the key to creating a sustainable organization. 
The “Triple Bottom Line” was used for biofuels as an excellent example of a sustain-
able fuel (Sala 2020). Biofuels meet the new economic paradigms that are related to 
the green economy, the bio- economy, and the circular economy. They developed an 
essential approach to apply life cycle thinking to production and consumption 
patterns to evaluate environmental and socioeconomic burdens and benefits, in an 
integrated manner. Lastly, they found that for socioeconomic sustainability, the 
assessment is going beyond the profit-  and finance- oriented perspectives, including 
instead externalities associated to the activities under evaluation.

Examples of sustainability measures were developed for using a holistic 
approach from sustainability measurements of technology use in the marine 
 environment (Basurko and Mesbahi 2012). The environmental effects of ballast 
water were measured with an integrated quantitative approach of sustainable 
assessment. The systematic approach can provide environmental, economic, and 
social sustainability for marine technologies.

The sustainable tool allows for the inclusion of sustainability principles to the 
design and operations of marine products. Sustainability can be effectively incor-
porated into the design phase of products and services and create reduced 
environmental, social, and economic impacts. The sustainable tool was created 
with LabView® software with SimPro® life cycle assessment (LCA) program to pro-
vide an integrated approach with a single indicator to reduce the environmental, 
social, and economic impacts of ballast water effects on the ocean quality. Another 
approach for the triple bottom line in sustainability was found for biomass ethanol 
production in China (Wang et al. 2020). They used a multi- regional input output 
(MRIO)- based hybrid LCA to estimate the sustainability of ethanol production 
in  China. Employment, economic stimulus, and energy use were assessed. 
Bioethanol was found to be more effective on energy savings and economic 

Economic
Social

EnvironmentalSustainability

S

Figure 1.1 Sustainability 
definition.
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stimulus than regular gasoline. Second- generation bioethanol had the highest 
energy return on the investment. Lastly, supply chain sectors make up the 
 majority of social and environmental impacts.

1.1.1 Societal Impacts of Sustainability

The first aspect of sustainability can measure the impacts of products and pro-
cesses on the society. The societal impact of using a material and manufacturing 
process can be measured by the effects on the population and the roles of the 
workers in the community. Sustainable manufacturing processes are defined as 
providing proper wages for the workers and a clean and safe work environment. 
The method and environment of producing a manufactured product can result in 
impacts on a person, group, and community. In another research work, sustaina-
bility was evaluated with supply chain management concepts (Vermeulen and 
Seuring,  2009). The authors propose three- generation approaches. Single firm 
approaches are the first generation. Joint product sector approaches are the sec-
ond generation. And cross- sectoral approaches are the third generation. They pro-
pose that the various forms of sustainable supply chain governance clarify two 
aspects that have hardly been addressed in the general analysis of value chains: 
first, these varying forms of interaction, cooperation, and compelling rules in the 
value chain are an instrument of competition, partly based on specific quality 
assets of the products (namely the environmental and socio- ethical performance 
of value chain partners), and second, these forms of interaction and cooperation 
include other types of societal actor – apart from newly created nonprofit govern-
ance institutions and their (for profit) auditing and control bodies, consumer 
NGOs, development NGOs, and environmental NGOs also play diverse roles. 
They recommend that sustainable supply chain management and governance 
are important to companies, consumers, NGOs, and even governmental agencies. 
They propose that the challenges of climate change, energy provision, and  creating 
wealth for an increasing world population will broaden the need for sustainability 
management and sustainable supply chain management and governance in the 
near future.

The wages, benefits, hours per week, safety, and other human resources pro-
vided to an individual worker contribute to the quality of the product or process 
and the ability of that product or process to maintain its presence in the market-
place. A workplace that produces a product or process without wages and benefits 
that are appropriate to the workers in the region can lead to high turnover rates of 
workers, poor worker morale, and loss of personal buy- in for workers. The prod-
uct or service will not be sustainable since it may not last if few workers are 
available or the environment may suffer tragic losses due to health or safety 
 concerns. Poor working conditions and poor wage structures may benefit the 
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economics of the current company but may lead to poor working environments 
for future workers and thus is not sustainable.

Sustainable workplaces feature the maintaining of welfare levels in the future 
(WCED 1987). Welfare can be defined as a subjective measure of the sum of all 
individuals’ utilities generated from the consumption of goods, products, and ser-
vices (Perman et al. 2003).

1.1.2 Economic Impacts of Sustainability

The second aspect of sustainability can measure the economic impacts of using a 
material and manufacturing process to produce products. Sustainable manufac-
turing processes are defined as providing proper wages for the workers and clean 
and safe work environments. Economic impacts of sustainability can be meas-
ured with a capital approach that can be defined as maintaining economic, envi-
ronmental, human, and social capital over time for future generations (Kulig 
et al. 2010). The capital approach can be proposed as a theoretical basis for sus-
tainable development indicators (Atkinson and Hamilton 2003; World Bank 2006; 
UNECE 2014). The capital approach provides a theoretical approach by measur-
ing all capital stocks in their own units. The capital approach can provide consist-
ent, theoretically sound, and policy- relevant comparisons between countries 
(Kulig et al. 2010).

The economic benefits of sustainability were developed for water reuse. Sgroi 
et al. (2018) found that economics are the major barriers to actual development of 
water reuse. A holistic approach is needed to evaluate the sustainability of water 
reuse. Circular economy may lead to a “paradigm shift” to enhance resource recov-
ery. Segregation at source may be a starting point for sustainable on- site resource 
recovery. The economic impact of using a material can be measured by the effects 
on the creation of jobs and industry for communities. The creation of jobs can lead 
to creation of taxable bases and tangible property. In addition, the use of sustaina-
ble materials and processes can lead to reduced energy, transportation, waste 
disposal, and utility costs for manufacturing operations. Sustainable enterprises 
can be defined as “Lean and Green,” where manufacturing costs are minimized, 
and manufactured materials are made with reduced environmental impacts.

Recycling of metals, plastics, glass, paper, wood, waste inks and concentrates, 
waste oils, and industrial fluids can reduce the amount of trash that is sent to 
landfills and hazardous disposal sites and reduce the waste disposal costs. Use of 
recycled or bio- based plastics can reduce the manufacturing costs of some plas-
tics. Use of lower energy pumps, motors, and lighting can reduce energy costs for 
plastics manufacturing.

The incorporation of sustainability into the business plan can lead to a design 
for sustainability paradigm where an eco- design approach can lead to integrating 
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social, economic, environmental, and institutional aspects into the supply chain 
of an eco- friendly product line. This can lead to healthy organizations providing 
good jobs to healthy employees and contributing to the social network of the 
organization and community.

1.1.3 Environmental Impacts of Sustainability

The third aspect of sustainability can measure the environmental impacts of 
 producing a product or system in terms of usage of natural resources for raw 
materials, energy, and real estate land. The production of plastic products can 
generate greenhouse gases (GHGs), solid and liquid waste, air pollution, water 
pollution, and toxic chemicals. Environmental aspects are measured with the life 
cycle process are explained later.

Strategic environmental assessment can be used to provide a basis for establishing 
sustainability for products and services (White and Noble 2013). Strategic environ-
mental assessment can help ensure that policies, plans, and programs are developed 
in a more environmentally sensitive way. Strategic environmental assessment can 
support sustainability by providing a framework for decision- making, setting sus-
tainability objectives, ensuring consideration of other sustainable of using strategic 
environmental assessment of sustainability. This can include some of the following:

 ● Providing a decision support framework for sustainability.
 ● Being adaptive to the decision- making process.
 ● Incorporating sustainability objectives and principles.
 ● Considering relevant sustainability issues early on.
 ● Adopting sustainability criteria.
 ● Identifying and evaluating other sustainable alternatives.
 ● Trickling- down sustainability.
 ● Capturing large- scale and cumulative effects.
 ● Enabling institutional change and transformational learning.

Environmental aspects of sustainability can be measured by monitoring resource 
depletion and pollution generation during the production of products or services. 
Resource depletion can include land use, energy usage, water usage, fossil fuel 
usage, among others. The pollution emissions can include GHGs, water pollution, 
air pollution, climate change, toxic chemical released, human toxicity, carcino-
gens released, summer smog creation, acidification, eutrophication, among others.

An important environmental concern is the increased amount of GHGs in the 
atmosphere. GHGs are gases in the atmosphere that absorb and emit thermal 
radiation within the thermal infrared range causing the planet to increase in tem-
perature. During plastic manufacturing, GHGs are produced by the energy sources 
needed to mine the raw materials, processing the raw materials into pellets, 
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conversion of the pellet into finished products, and transportation. GHGs com-
prise of gases that contribute to global warming by creating a layer of insulating 
gases that insulate the planet. These gases absorb and emit radiation within the 
thermal infrared range. GHGs include methane, carbon dioxide, water vapor, 
 fluorocarbons, nitrous oxide, and ozone.

Carbon dioxide is the largest contributor to global warming due to its volume. 
Methane has a global warming rate of 22 times the rate for carbon dioxide. 
Typically, the production of these gases is listed in LCAs as CO2  equivalent 
(CO2eq). Thus, the formation of GHGs is listed as CO2eq. Reductions in GHGs 
can be done with lowering energy usage for products and services.

1.2  Green Chemistry Definitions

The American Chemistry Institute established green chemistry principles. The 
green chemistry engineering principles provide a framework for scientists and 
engineers to design and build products, processes, materials, and systems with 
lower environmental impacts. Green chemistry principles can be used to develop 
chemical products and processes that reduce or eliminate the use and generation 
of hazardous or toxic chemicals. The 12 principles of green chemistry are as 
 follows (Anastas and Warner 1998):

1) Prevention
2) Atom economy
3) Less hazardous chemical synthesis
4) Designing safer chemicals
5) Safer solvents and auxiliaries
6) Design for energy efficiency
7) Uses of renewable feedstock
8) Reduce derivatives
9) Use of catalytic reagents

10) Design for degradation
11) Real- time analysis for pollution prevention
12) Inherent safer chemistry

Prevention of waste generation during the manufacturing of the chemicals 
can help reduce environmental impacts of chemical production. Atom econ-
omy guides developers in incorporating all materials in the creation of 
chemicals. Synthetic chemicals should be created with little or no toxicity to 
the human health and the environment. Solvents, separation agents, and other 
auxiliary substances should be used sparingly or not at all. Energy usage should 
be minimized in the creation of chemical substances. Renewable feedstock 
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should be the material source of the chemical substances rather than fossil 
fuel- based sources.

Creation of unnecessary intermediates or derivatives should be minimized or 
avoided if possible to reduce chemical waste. Catalytic reagents should be used 
rather than stoichiometric reagents. Chemical products should be designed to bio-
degrade in a disposal environment rather than be a persistent pollutant. Real- time, 
in- process monitoring and control of hazardous substances should use analytical 
methodologies. Chemical substances and processes should minimize the poten-
tials for accidental chemical spills, explosions, and fires.

The 12 green chemistry definitions can be grouped into three areas: reduction 
in energy usage, reduction in waste, and reduction in pollution. The reduction in 
energy area includes design for energy efficiency, use of renewable feedstock, and 
reducing derivatives principles. The reduction in waste area includes prevention, 
atom recovery, and use of catalytic reagents principles. The reduction in pollution 
includes less hazardous chemical synthesis, reducing derivatives, designing safer 
chemicals, designing safer solvents and auxiliaries, design for degradation, pollu-
tion prevention, and inherent safer chemistry principles. These three areas are 
used to define sustainable manufacturing.

Recently, a chapter in a book on green chemistry studied the importance of 
sustainability to business with the connections of green chemistry and green 
engineering (Coish et al., 2018). The value creation of green initiatives is fur-
ther supported by the results of a survey in 2009 of more than 1500 worldwide 
executives and managers about their perspectives on business sustainability 
(Berns et  al.,  2009). The study provided evidence that sustainability has the 
potential to affect multiple value creation levers over both the short-  and long- 
term goals for the company. They found that six aspects are common to the 
notions of eco- green, sustainable, and environmental innovation. Those aspects 
are as follows:

1) Innovation object: Product, process, service, method.
2) Market orientation: Satisfy needs/be competitive on the market.
3) Environmental aspect: Reduce negative impact (optimum: zero impact).
4) Phase: Full life cycle must be considered (for material flow reduction).
5) Impulse: Intention for reduction may be economical or ecological.
6) Level: Setting a new innovation/green standard to the firm.

Company leaders with a vision that incorporates sustainability play a key role 
in ensuring that sustainability is part of the organization’s creative process. 
Leaders and managers can create the value system of a company that can impact 
the type of innovation (e.g. incremental vs. radical) and the extent of innovation 
that is pursued by the company. The value- adding connections between the 
management of eco- innovation and the principles of green chemistry and green 
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engineering are essential in creating a sustainable company. Sustainability and 
use of green chemistry should be of interest to business leaders, managers across 
various departments, innovation experts, sustainability officers, directors of 
research and development, product designers, engineers, and other people from 
across all disciplines who have an interest in business sustainability.

1.3  Green Engineering Definitions

Green engineering can be defined as a process to develop products, processes, or 
systems with minimal environmental impacts. The full product life cycle is devel-
oped when evaluating the environmental sustainability of the product, process, 
or system. Green engineering can be a foundation of sustainability. The 12 prin-
ciples of green engineering are as follows (McDonough et al. 2003; Anastas and 
Zimmerman 2003).

1) Inherent rather than circumstantial
2) Prevention instead of treatment
3) Design for separation
4) Maximize efficiency
5) Output- pulled versus input- pushed
6) Conserve complexity
7) Durability rather than immortality
8) Meet need, minimize excess
9) Minimize material diversity

10) Integrate material and energy flows
11) Design for commercial “afterlife”
12) Renewable rather than depleting resources

Sustainable engineering is based on maximizing product throughput, quality, 
efficiency, productivity, space utilization, and reducing costs. Products are 
designed with inherently nonhazardous methods and nontoxic materials. Waste 
should be reduced at its source and not discarded after production. Production 
operations should be designed to minimize energy consumption and material use. 
Energy and materials should require a product requirement rather than a material 
input. Material and energy inputs should be based on renewable sources rather 
than from fossil fuel sources.

End- of- life options for the product should be designed at the beginning of a 
product life rather than at the end of it. The design goal should be product- targeted 
durability rather than product immortality.

Universal functionality should not be a design goal. Multicomponent products 
should be designed to promote disassembly and value retention. Integration and 
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interconnectivity with available energy and material flows should be designed 
into products, processes, and systems.

Environmental engineering covers a wide range of applications of applying 
science and engineering principles to improve the natural environment of air, 
water, and land resources. Environmental engineering provides healthy water, 
air, and land for human use that is compatible with other organisms. It pro-
vides platform for balance between humans and other species on the planet. It 
also remediates environmental pollution issues. Recently, biological solutions 
to problems in environmental engineering often involve engineers integrating 
apparently disjointed biological knowledge, and tailoring this knowledge to 
address specific engineering challenges. The emerging discipline of environ-
mental biotechnology contributes to the field of environmental engineering. 
Biological solutions help in assessing the risk to human health and determin-
ing the effectiveness of environmental engineering design decisions to reduce 
this risk to an acceptable level. Environmental engineers are helping waste 
water treatment plants to become more sustainable with the use of green engi-
neering principles. Green engineering provides a biological solution to the 
problem of highly concentrated organic pollution in waste water treatment 
plants. In such waste water treatment plants, the processes of microbial degra-
dation of organic waste with biomass production followed by sedimentation 
are encouraged to occur in a highly controlled environment. Alternative tech-
nologies for total nitrogen removal have been developed by environmental 
engineers that avoid some of the inefficiency of nitrification followed by deni-
trification (Oerther, 2005).

1.4  Sustainability Definitions for Manufacturing

Environmental aspects of product manufacturing include production of liquid 
and solid wastes, air pollution, water pollution, and GHG emissions. Discharges 
from manufacturing facilities can lead to pollution of the sewers, water treatment 
plants, and neighborhoods. Pollution prevention in communities with manufac-
turing operations can be achieved with regional sustainability programs that 
provide to small-  and medium- sized manufacturing companies pollution preven-
tion technical assistance and financial incentives to reduce pollution at the 
manufacturing sources rather than at the waste water and solid waste disposal 
sites (Granek and Hassanali 2006). Pollution often includes heavy metals, particu-
lates, sulfates, phosphates, petroleum- based oils, solid wastes, oil- based inks and 
concentrates, and other contaminants. Sustainable practices can reduce the pol-
lutants by installing filters, using water- based inks, bio- based oils, and recovery 
units for waste water effluent.
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Sustainability can be defined in many ways for production companies to reduce 
GHGs and reduce pollution. Often missing from sustainability analysis, though, is 
waste generation. Products or services that are sustainable must also not produce 
significant amounts of solid or liquid waste. Sustainable products and practices 
should encourage the use of recycled materials during the production of products 
and processes and encourage the recycling of waste materials during the produc-
tion of products and processes.

The essential components of sustainable products and services are ones with 
reduced GHG emission, reduced pollution, and reduced waste generation. 
Sustainable products, processes, and systems minimize the generation of GHGs, 
waste, and pollution. Thus, sustainable manufacturing incorporates producing 
products and processes with:

1) reduced GHGs emissions,
2) reduced solid waste, and
3) reduced pollution.

This definition will be used in subsequent chapters in the book. The first 
 component of sustainable manufacturing processes is the reduction in GHGs. 
Reductions in GHGs can be done with lowering energy usage, which has direct cost 
reduction implications. Sustainable materials and processes minimize the genera-
tion of CO2eq gases. The second component of sustainable manufacturing is the 
reduction in waste generation. This can be listed for plastics manufacturing as 
the solid wastes are generated during the extraction of raw materials, production 
of the plastic pellets, and conversion of the pellet into plastic products. The listing of 
waste generation is listed as kilogram of solid waste. California in the United States 
has a law that requires state agencies and schools to achieve greater than 50% diver-
sion rate of solid wastes (California Assembly Bill 939 2014), wherein over 50% of 
the trash that could be sent to landfill is sent to recycling, composting, or reuse. 
Reductions in waste generation can reduce the cost for manufacturing operations. 
Sustainable materials and processes minimize the generation of solid waste.

The third component of sustainable manufacturing processes is the reduction 
in pollution of air, land, and water. The pollution component can be defined in 
LCAs as creation of chemicals that cause eutrophication, acidification, and 
human health concerns.

Eutrophication can be defined as the addition of nitrates and phosphates to 
the land through the use of fertilizers and soil conditioners. Eutrophication is a 
very common pollutant from fertilizers in farming or from natural causes. 
Eutrophication can deplete oxygen in ocean and freshwater lakes causing algae 
and phytoplankton blooms in the water.

Acidification can occur in ocean and freshwater, as well as in soil when the pH 
is reduced due to the presence of sulfur and nitrous oxides. The presence of sulfur 



1.7  Sueeary 11

and nitrous oxides in the atmosphere can be released into the soil and waterways 
during rain storms. Sulfur and nitrous oxides are released during the combustion 
of fossil fuels at energy plants, burning of plastics as fuel, and during the combus-
tion of fuels.

Toxic chemical pollution is caused by the presence of toxins that can cause 
human health problems, including cancer, blindness, sterility, and other health 
concerns. Combustion of fuels can lead to release of carcinogenic materials into 
the environment. Sustainable materials and processes reduce the release of 
 pollution in the land, air, and water.

1.5  Life Cycle Assessment (LCA)

LCAs are an essential component of sustainability and can be used to scientifi-
cally determine the environmental effects of products, processes, and systems. 
LCA can be used to calculate the energy and raw materials consumed and the 
resulting carbon footprint, waste, and pollution generated in the production of a 
product or process. LCA is needed to establish the sustainability of products and 
processes because it follows a worldwide thorough approach to establishing meas-
urable environmental outcomes of products and processes. LCA will be more fully 
explained in later chapters.

1.6  Lean and Green Manufacturing

Sustainability is an essential component of manufacturing today. Plastics manu-
facturing can lead the way in producing products with lower carbon footprint, 
lower waste, and lower pollution through the use of recycled and bio- based materi-
als. Lean and Green are essential components of the manufacturing industry. Lean 
and Green manufacturing for plastics can be a unique feature of plastics manufac-
turers and can provide sustainable products for a promising marketplace.

1.7  Summary

Sustainable materials, processes, and systems must not compromise the ability of 
future generations to provide for their needs while providing for the needs of the 
current generation. The three components of sustainability have economic, social, 
and environmental aspects. Organizations are often analyzed with a “Triple 
Bottom Line” approach to evaluate the social, economic, and environmental per-
formances of a company. The first aspect of sustainability can measure the impacts 
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of products and processes on the society. The societal impact of using a material 
and manufacturing process can be measured by the effects on the population and 
the roles of the workers in the community.

The second aspect of sustainability can measure the economic impacts of using 
a material and manufacturing process to produce products. Sustainable manufac-
turing processes are defined as providing proper wages for the workers and clean 
and safe work environments.

The third aspect of sustainability can measure the environmental impacts of pro-
ducing a product or system in terms of usage of natural resources for raw materials, 
energy, and real estate land. The production of plastic products can generate GHGs, 
solid and liquid wastes, air pollution, water pollution, and toxic chemicals.

Green chemistry principles can be used to develop chemical products and pro-
cesses that reduce waste generation, energy, and production of toxic chemicals 
during the creation of chemicals. Green engineering principles are based on maxi-
mizing product throughput, quality, efficiency, productivity, and space utilization, 
as well as reducing hazards, pollution, and costs. Sustainable products, processes, 
and systems minimize the generation of GHGs, waste, and pollution. LCAs are an 
essential component of sustainability and can be used to scientifically determine 
the environmental effects of products, processes, and systems.
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2.1  The Planet Is Warming

According to the World Meteorological Organization, the average temperatures of 
the planet in 2011  were the second highest strong “La Niña” temperatures in 
recorded history. Measurements on land and sea from over 10 000  locations 
in  the  world found that an average global temperature was 14.41 ± 0.11 °C 
(World  Meteorological  2012). In 2010, the National Oceanic and Atmospheric 
Administration’s (NOAA) National Climatic Data Center (NCDC) published a 
report, which found that 2010 was the warmest of the average yearly temperature 
on record for the planet (State of the Climate 2012).

In the Northern Hemisphere, the snow cover from December to February 
melted in May to the lowest area covered as recorded by satellites. The mountain 
glaciers on the Earth lost size and mass from the previous year. This trend of gla-
cier reductions has continued since 1990 (State of the Climate 2012).

The air temperatures over the land of the Earth, especially in the Artic, have 
increased in 2010 from the previous year. The NOAA report found that the aver-
age temperature in the United States in 30- year timespan from 1981 to 2010 was a 
half degree Fahrenheit warmer than from the previous 30- year timespan from 
1971 to 2000 (State of the Climate  2012). As shown in Figure  2.1, greenhouse 
gases (GHGs) can cause the temperatures of the land and sea to increase.

Figure  2.2 shows the levels of carbon dioxide concentrations in the last 
800 000 years. The levels of CO2 concentrations have remained relatively flat until 
the last 70 years.

In recent years since 1980, the levels of CO2 in the atmosphere are steadily 
increasing every year as shown in Figure 2.3.

2

Environmental Issues
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The CO2 concentrations are shown in Figure 2.3 from 1975 to 2020. The result-
ing temperature from 1860 to 2020 is shown in Figure 2.4.

Figure 2.4 shows that the planet’s average surface temperature has risen about 
2.05 °F (1.14 °C) since the late nineteenth century, a change driven largely by 
increased carbon dioxide and other human- made emissions into the atmosphere. 
Most of the warming occurred in the past 40 years, with the six warmest years on 
record taking place since 2014. Not only was 2016 the warmest year on record, but 
eight months out of that year  – from January through September, with the 
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Figure 2.2  Carbon dioxide levels over 800 000 years. Source: CO2 Levels (2020).

Figure 2.1  Graphic of planet warming with a blanket of greenhouse gases. Source: 
Artwork courtesy of Ms. Vanessa Vaquera of Chico, CA.



2.1 Te  lanet Is  arminn 17

exception of June  – were the warmest on record for those respective months. 
Figure 2.4 shows that since 1976 the difference between the average temperature 
and the twentieth century average was greater than 0. Figure 2.3 shows that since 
1976 the yearly average temperature was warmer than the twentieth century aver-
age of 13.9 °C. Figure 2.4 clearly shows that the planet is warming. The surface 
temperature is warming at a faster rate than the water temperature. In 2011, the 

420
410
400

390
380
370
360
350
340
330
320
310
300

1980 1985 1990 1995 2000
Year

C
ar

bo
n 

di
ox

id
e 

ab
un

da
nc

e 
(p

pm
)

2005 2010 2015 2020

Figure 2.3  Levels of CO2 in the atmosphere since 1980. Source: CO2 Levels (2020).
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global average land surface temperature was 0.8 °C (1.49 °F) above the twentieth 
century average of 8.5 °C (47.3 °F). In 2011, the global average ocean and sea tem-
perature was 0.40  °C (0.72  °F) above the twentieth century average of 16.1  °C 
(60.9 °F) (Global Analysis 2013).

Earth’s climate has changed throughout history. Just in the last 650 000 years 
there have been seven cycles of glacial advance and retreat, with the abrupt end of 
the last Ice Age about 11 700 years ago marking the beginning of the modern cli-
mate era – and of human civilization. Most of these climate changes are attributed 
to very small variations in Earth’s orbit that change the amount of solar energy 
our planet receives.

The current warming trend is of particular significance because most of it is 
extremely likely to be due to the result of human activity since the mid- twentieth 
century and proceeding at an unprecedented rate.

Earth- orbiting satellites and other technological advances have enabled scien-
tists to study the climate- changing phenomena. The heat- trapping nature of 
carbon dioxide and other gases was demonstrated in the 1800s. Their ability to 
affect the transfer of infrared energy through the atmosphere is the scientific basis 
of many instruments flown by National Aeronautics and Space Administration 
(NASA). There is no question that increased levels of GHGs must cause Earth to 
warm up in response.

Ice cores drawn from Greenland, Antarctica, and tropical mountain glaciers 
show that Earth’s climate responds to changes in GHG levels. Ancient evidence 
can also be found in tree rings, ocean sediments, coral reefs, and layers of sedi-
mentary rocks. This ancient, or paleoclimate, evidence reveals that current 
warming is occurring roughly 10 times faster than the average rate of Ice- Age- 
recovery warming. Carbon dioxide from human activity is increasing more than 
much faster than it did from natural sources after the last Ice Age.

The time series in Figure  2.5 shows the five- year average variation of global 
surface temperature from 2019. Lighter areas indicates areas cooler than average. 
Darker areas indicates areas warmer than average.

Earth stores approximately 90% of the extra energy in the ocean. The ocean cov-
ers about 70% of Earth’s surface. The ocean plays a large part in Earth’s 
environment. One of its largest roles is to soak up energy (heat) and distribute it 
more evenly throughout the Earth. The ocean also helps to absorb Earth’s CO2. 
But our world is a water world. The ocean covers 70% of Earth’s surface. The aver-
age depth of the ocean is about 2.7 miles. The ocean contains about 97% of all the 
water on Earth. The ocean plays a significant role in the climate change in the 
environment. The ocean soaks up energy in the form of heat and distributes it 
more evenly around the Earth. The ocean also soaks up CO2.

The ocean does an excellent job of absorbing excess heat from the atmosphere. 
The top few meters of the ocean store as much heat as Earth’s entire atmosphere. 
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So, as the planet warms, it is the ocean that gets most of the extra energy. But if the 
ocean gets too warm, then the plants and animals that live in it must adapt or perish. 
All of the creatures in the ocean depend upon the supply of planktons, which are 
tiny plants and animals. These small creatures are at the bottom of the food chain.

Planktons include many different kinds of tiny animals, plants, or bacteria that 
just float and drift in the ocean. Other tiny animals such as krill (sort of like little 
shrimp) eat the plankton. Fish and even whales and seals feed on the krill. In some 
parts of the ocean, krill populations have dropped significantly in recent years.

Coral is another ocean creature in trouble due to global warming. Coral is a very 
fragile animal that builds a shell around itself and lives in very well with a certain 
kind of colorful algae. The algae make food from sunlight with a process called 
photosynthesis. The coral and algae share the food. Fish love to swim around the 
coral and algae and hide from predators. As the ocean warms, it increases in acidi-
fication with a lowering of the pH levels. This reduces the amount of food that the 
algae create and the coral die and turn white in a process called bleaching (Coral 
bleaching 2020).

2.2   Melting of Glaciers

One consequence of the warmer surface temperatures is the melting of glaciers 
worldwide, as shown in Figure 2.6. Glaciers are found throughout the Northern 
and Southern Hemispheres, including Africa, North and South America, Asia, 

2019
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Figure 2.5  Global average temperature of the world from 2019. Source: Global 
Analysis (2013).
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Europe, New Zealand, and Antarctica. Over 130 000 glaciers are listed in the 
World Glacier Index (WGI; World Glacier Inventory  2012). The WGI includes 
information about the glaciers including area, elevation, geographic location, 
length, and classification. In Norway, information on 1627 glaciers was published 
in 1988. The average temperature in Norway is expected to rise by2.3 °C by 2100. 
The climate change scenario can result in approximately 98% of the Norwegian 
glaciers being disappeared and approximately 34% of the glacier area being 
reduced by 2100 (Nesje et al. 2008). In Asia, glaciers in the Everest region have lost 
mass in recent years. Between 1999 and 2004, satellite measurements found that 
the rate of ice loss is twice as much as from 1977 and 1999. Good agreement was 
found between satellite measurements and field measurements between 2002 and 
2004 (Berthier et al. 2007). Based on the analysis of entrapped air from ice cores 
extracted from permanent glaciers from various regions around the globe, it has 
been demonstrated that global warming began 18,000 years ago, accompanied 
by a steady rise in atmospheric carbon dioxide. Humans are quite likely the 
cause of a large portion of the 80 ppm rise in CO2 since the dawn of the Industrial 
Revolution, and from a distance, it looks possible that increasing CO2 may cause 
atmospheric temperatures rise. (Global warming 2022).

In South America, 72 glaciers in Northern and Southern Patagonia were studied 
for glacier retreat. Twenty of the 72 glaciers were found to retreat from 3 to 37.9%. 
Glacier retreat is attributed to average air temperature, basin geometry, glacier 
dynamics, and response time (Lopez et al. 2010).

In North America, Mendenhall Glacier in Alaska is undergoing substantial 
recession and thinning. The glacier has retreated 3 km during the twentieth cen-
tury. The glacier has thinned 5.5 km3 in the last 50 years. The shrinking of the 
glacier is attributed to surface melting and to lake calving. Lake calving can be 
defined as when an edge of an iceberg or glacier separates from the iceberg or 

Figure 2.6  Melting glaciers illustration. Source: Artwork courtesy of Ms. Vanessa Vaquera 
of Chico, CA.
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glacier. Mean temperatures in Juneau, Alaska, decreased slightly from 1947 to 
1976 and then increased since then. The average temperature in Juneau increased 
1.4 °C since 1943. Glacier melting in Alaska flows into the Mendenhall River. 
Approximately 50% of the total river discharge in the summer is due to glacier 
melting (Motyka et al. 2002).

An important feature of the Arctic Ocean is its floating sea- ice cover that has tra-
ditionally ranged from 16 million km2 in March to a minimum coverage of 7 million 
km2 at the end of summer melt season in September. Based on regression analysis 
during the period between 1979 and 2006, the ice extent (fractional ice cover) has 
declined every month. The decline is the largest during September with a retreat of 
8.6 ± 2.9%/decade or approximately 10 000 km2/year (Serreze et al. 2007).

Both the extent and thickness of Arctic sea ice have declined rapidly over the 
last several decades. According to the National Snow and Ice Date Center, average 
September sea- ice extent has been reduced by 32% from 1979 to 2017 (Artic Ice 
Decline 2020). Figure 2.7 shows the decline in the Arctic sea ice. The decline in 
the average September area is 13.1%/decade.

Ice, which covers approximately 10% off the Earth’s surface, is disappearing 
rapidly. The ice can be in the form of glaciers in Greenland, Iceland, the Artic, and 
the Antarctica (Ibid).

Approximately, 400 billion tons of ice disappeared due to total glacier loss since 
1994 (Ibid). The Greenland and Antarctic ice sheets have decreased in mass. Data 
from of ice loss per year between 1993 and 2019, while Antarctica lost about 
148 billion tons of ice/year (NASA Gravity Recovery 2021).

2.3   Rising Seas

The levels of the oceans are rising. This can be attributed to thermal expansion of 
the water, land water storage change, and melting of glaciers and icebergs. Sea 
levels are measured with satellite altimetry or with in situ and remote sensing 
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Figure 2.7  Decline in the Arctic sea ice.
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Figure 2.8  Rising sea waters causing flooding of a home. Source: Artwork courtesy of 
Ms. Vanessa Vaquera of Chico, CA.

equipment. Recent ice mass loss and melting glaciers have increased the rate of 
sea- level rise to 3.1 mm/year (Cazenave et al. 2008). Between the years of 1993 and 
2010, melting glaciers and polar ice caps can account for approximately 30% of the 
sea- level rise (Cogley 2009).

Sea- level rise in the tropical Pacific and Indian Oceans has been studied in 
recent years. The sea level is influenced by thermal expansion of the oceans from 
the warmer temperatures, melting polar ice caps and glaciers, and the atmos-
pheric changes caused by El Niño. Large variability during El Niño years and the 
shortness of many of the individual tide- gauge records contribute to uncertainty 
in historical rates of sea- level rise.

From 1993 to 2001, the western Pacific and eastern Indian Oceans experienced 
large rates of sea- level rise that approached 30 mm/year, whereas the eastern 
Pacific and western Indian Oceans experienced a sea- level fall approaching 
−10 mm/year (Church et al. 2006). From 1950 to 2001, the average sea- level rise 
(relative to land) from the six longest tide- gauge records is 1.4 mm/year. After cor-
recting for glacial isostatic adjustment and atmospheric pressure effects, the rate 
of sea- level rise is 2.0 mm/year, which is close to the estimates of the global aver-
ages. The relative sea- level rise at Funafuti, Tuvalu, is 2  ±  1 mm/year over the 
period 1950–2001. The analysis clearly indicates that sea levels in this region are 
rising (Church et al. 2006). The rising of the sea levels can cause flooding in low- 
lying areas in Los Angeles, New Orleans, New York City, among others. Figure 2.8 
displays the consequence of flooding for homes.

In addition to global warming and melting of the ice caps, increase in GHG 
concentrations can also alter the planet’s hydrologic cycle (Mitchell et al. 1987; 
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Held and Soden 2006). If changes in rainfall intensity and spatial distribution are 
substantial, then significant amounts of rainfall can occur and pose a serious risk 
caused by climate change (Wentz et al. 2007).

The number of record high- temperature events in the United States has been 
increasing, while the number of record low- temperature events has been decreas-
ing, since 1950. The United States has also witnessed increasing numbers of 
intense rainfall events (Intense rainfall, USGCRP 2017).

2.4   Causes of Global Warming

In its Fifth Assessment Report, the Intergovernmental Panel on Climate Change, 
a group of 1300 independent scientific experts from countries all over the world 
under the auspices of the United Nations, concluded there is a more than 95% 
probability that human activities over the past 50 years have warmed our planet 
(Climate change causes 2020).

The industrial activities that our modern civilization depends upon have raised 
atmospheric carbon dioxide levels from 280 to 414 parts per million in the last 
150 years. The panel also concluded there is a better than 95% probability that 
human- produced GHGs such as carbon dioxide, methane, and nitrous oxide have 
caused much of the observed increase in Earth’s temperatures over the past 50 years.

2.4.1  Increased Greenhouse Gases

The National Climate Data Center report from the NOAA found that the levels 
of GHGs in the atmosphere increased in 2010 from the previous year 
(NOAA 2012). In fact, the rate that the GHG increased from 2009 to 2010 was 
the largest yearly rate of increase since 1980. Many scientists have concluded 
that carbon dioxide and other GHGs can trap heat in the Earth’s lower atmos-
phere (Majorowicz and Skinner  1997; Golovanova et  al.  2001; Beltrami and 
Bourlon 2004; Viola et al. 2010).

2.4.2  Sources of CO2eq Emissions

The sources of CO2eq emissions are from burning of fossil fuels. “Carbon dioxide 
equivalents” refer to the amount of carbon dioxide that would give the same 
warming effect as the effect of the GHGs being emitted. According to the United 
States Environmental Protection Agency (EPA) from 2006 as shown in Figure 2.8, 
40% of the CO2 emissions are from burning fossil fuels for electricity, 31% from 
transportation, 14% from industrial sources, 10% from residential or commercial 
sources, and 5% from other sources (EPA Inventory of Greenhouse Gas Emissions 
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and Sinks 2013). In the industrial sector, steel and concrete industries have the 
highest CO2eq emissions. Petrochemical industry, including plastics, has the 
tenth largest contribution. Figure 2.9 shows the sources of CO2eq emissions from 
the US market segment (EPA emissions 2020).

Figure 2.10 shows the types of gases that account for the majority of the emissions.
Figure  2.11 shows the sectors of CO2eq emission from 1990 to 2015 (Ibid). 

Figure 2.11 shows that the economic sectors remain consistent from year to year. 
Transportation and electricity generation have been the largest contributors to the 
carbon dioxide emissions from 1990 to 2015. Residential use has been the lowest 
contributor during the time period.

Figure 2.12 shows the global CO2eq emission by sector in 2018. From the fig-
ure, transportation is the largest contributor to the carbon dioxide emissions in 
2018. Industry accounts for only 32% of the emissions. Building materials and 
construction had the lowest contribution during 2018 (Global emission by 
sector 2020).

Figure  2.13 shows the breakdown of the global GHG emissions by industry 
(GHG emission by industry 2020). The iron and steel industry is the largest con-
tributor to GHG emissions, with 25% of the emissions. Concrete industry is the 
second largest contributor, with approximately 19% of the emissions. The plastics 
industry is a much lower contributor, with 5% of the emissions. Aluminum indus-
try is the lowest contributor and only releases 3% of the GHG emissions. The total 
global GHG emission was 9.9 GtCO2eq.

Scientists attribute the heating of the planet to human activity causing a “green-
house effect” as shown in Figure 2.1. The “greenhouse effect” is caused when the 
atmosphere traps heat radiating from Earth toward space. Certain gases in the 
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Figure 2.9  Sources of CO2eq 
emissions in 2018 for the 
United States per market 
segment. Source: EPA 
emissions (2020).
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atmosphere block heat from escaping. There are five significant “greenhouse 
gases” (GHG gases 2020) that contribute to the greenhouse effect, which include:

1) Water vapor: The most abundant GHG, but, importantly, it acts as a feedback 
to the climate. Water vapor increases as the Earth’s atmosphere warms, but so 
does the possibility of clouds and precipitation, making these some of the most 
important feedback mechanisms to the greenhouse effect.

Other
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Figure 2.12  Global GHG emissions by sector in 2018. Source: Global emission by 
sector (2020).
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Figure 2.13  Global GHG emissions by sector in 2018. Source: Global emission by 
sector (2020).
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2) Carbon dioxide (CO2): A minor but very important component of the atmos-
phere, carbon dioxide is released through natural processes such as respiration 
and volcano eruptions and through human activities such as deforestation, 
land use changes, and burning fossil fuels. Humans have increased atmos-
pheric CO2 concentration by 47% since the Industrial Revolution began. This is 
the most important long- lived “forcing” of climate change.

3) Methane: A hydrocarbon gas produced both through natural sources and 
human activities, including the decomposition of wastes in landfills, agricul-
ture, and especially rice cultivation, as well as ruminant digestion and manure 
management associated with domestic livestock. On a molecule- for- molecule 
basis, methane is a far more active GHG than carbon dioxide, but also one that 
is much less abundant in the atmosphere.

4) Nitrous oxide: A powerful GHG produced by soil cultivation practices, espe-
cially the use of commercial and organic fertilizers, fossil fuel combustion, 
nitric acid production, and biomass burning.

5) Chlorofluorocarbons (CFCs): Synthetic compounds entirely of industrial origin 
used in a number of applications, but now largely regulated in production and 
release to the atmosphere by international agreement for their ability to con-
tribute to destruction of the ozone layer.

Figure 2.14 shows that carbon dioxide is the most prevalent GHG, methane is 
second, and fluorinated gases are the last in concentrations.
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Figure 2.14  GHG concentrations. 
Source: GHG gas concentrations. 
https://www.epa.gov/
ghgemissions/overview- 
greenhouse- gases, 
(December 2020).

https://www.epa.gov/ghgemissions/overview-greenhouse-gases
https://www.epa.gov/ghgemissions/overview-greenhouse-gases
https://www.epa.gov/ghgemissions/overview-greenhouse-gases
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The importance of reducing CO2 emissions is a significant feature of sustaina-
ble products for industry. 

2.4.3  Anti- Warming Theory

Theories are established to refute the claims of GHG as causes for climate change 
and the climate change as a balance of nature. The warming of the planet can be 
caused by Milankovitch climate oscillations. Periodical changes in the orbit of the 
Earth cause climatic changes termed “Milankovitch oscillations,” leading to large 
changes in the size and location of species’ geographical distributions (Dynesius 
and Jansson 2000). Climate has fluctuated widely during the history of the Earth. 
Climatic variability increases in amplitude toward longer time scales, but have a 
marked peak on the time scale of 10 000–100 000 years caused by Milankovitch 
oscillations (Berger 1989). The oscillations of the Earth axis can cause tempera-
ture variations on the planet that is beyond seasonal variations.

The increased temperatures for the planet may be part of repeating cycle over 
the last 500 000 years. (Earth warming 2022). We may be part of global warming 
that began over 18 000 years ago. The increased carbon dioxide may also be part of 
a repeating cycle over the last 400 000 years.

Current global warming cannot be explained by changes in energy from the Sun 
as shown as follows. Since 1750, the average amount of energy coming from the 
Sun either remained constant or increased slightly (NASA climate 2020). If the 
warming were caused by a more active Sun, then scientists would expect to see 
warmer temperatures in all layers of the atmosphere. Instead, they have observed 
a cooling in the upper atmosphere, and a warming at the surface and in the lower 
parts of the atmosphere. That is because GHGs are trapping heat in the lower 
atmosphere. Climate models that include solar irradiance changes cannot repro-
duce the observed temperature trend over the past century or more without 
including a rise in GHGs.

GHG warming can cause an increase in the temperature in the middle of the 
troposphere, about 5 km up. However, from 1999 to 2002, the temperature of the 
mid- troposphere has actually decreased lightly and surface temperatures have 
ceased warming, even as CO2 concentrations have continued to increase 
(Tropospheric 2012).

2.5   Ocean Pollution and Marine Debris

Marine debris or ocean litter is a worldwide problem. One study found that 
60–80% of ocean litter is comprised of plastics (Derraik 2002). Plastic ocean debris 
is most often litter that was brought to the beach by beach visitors or from storm 
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drains that collect litter on the ground and then empty into the oceans. Beach lit-
ter is comprised of cigarette butts, plastic packaging, bottles, caps, or bags that are 
discarded after use. Ocean plastic litter can include, as well, pre- production plas-
tic pellets that flow to the ocean from unintended release in ocean container ships 
or from plastic manufacturing facilities. Plastic pellets were found on New Zealand 
Beaches. (Gregory 2010). Marine debris is shown in Figure 2.15.

Recent reports have identified plastics as a significant source of ocean litter 
throughout the world and the physical danger that the plastic litter represents to 
sea life. It has been estimated that more than 300 million tons are produced each 
year, yet only 10% of plastic products get recycled (Marine plastic pollution 2020). 
It is estimated that as much as 7 million tons of plastic are added to the oceans and 
freshwater lakes every year (Ibid). The fish in the North Pacific can ingest as much 
as 48 million pounds of plastic debris annually (Ibid).

Plastics never decompose on their own in the ocean. It breaks into smaller 
pieces, which can be dangerous to wildlife when ingested. In addition, microplas-
tics that are less than 6 mm form microparticles that come from larger pieces that 
have broken down over time, or pre- produced particles used in manufacturing. 
This section describes the plastic debris problem in more detail and identifies the 
types of plastics that are found on beaches throughout the world.

Debris can be attached to a natural food source, such as fish eggs, and be 
ingested accidentally. It can also be mistaken for a food source like jellyfish or 

Figure 2.15  Marine debris. 
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plankton. When animals ingest plastic, it can cause irritation to the animal’s 
digestive system. Plastic pieces can remain in the stomach rather than passing 
through and cause the animal to feel full and avoid eating. This can lead to starva-
tion or malnutrition. The plastic pieces themselves can lead to internal injuries as 
it is digested, intestinal blockages, and other potentially fatal complications.

2.5.1  Plastic Marine Debris

Oceanic gyres are circulating water zones in the world composed of large- scale ocean 
currents. The size of the 11 continental- scale gyres ranges from 1000 nautical miles 
along the major axis in the Arctic Ocean to 5000 nautical miles along the major axis 
in the South Pacific. The gyres are designated by traditional oceanographic designa-
tions, for example, Beaufort, North Pacific Subtropical, Pacific Subarctic, South 
Pacific Subtropical, North Atlantic Subtropical, Atlantic Subarctic, South Atlantic 
Subtropical, Antarctic Circumpolar, and Indian Subtropical gyres. Two gyres in the 
Arctic Ocean do not have designations (Ebbesmeyer and Scigliano 2009).

Five gyres around the world, as shown in Figure  2.16, are known to collect 
excessive marine debris. The five gyres include the North and South Pacific gyres, 
North and South Atlantic gyres, and the Indian Ocean gyre.

North
Pacific
Gyre

North
Atlantic

Gyre

South
Atlantic

Gyre

Indian
Ocean
Gyre

South Pacific
Gyre

Antarctic Circumpolar Current

Equatorial countercurrent

Figure 2.16  Worldwide gyres. Source: Artwork courtesy of Ms. Vanessa Vaquera of Chico, CA.
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The North Pacific gyre, shown in Figure 2.17, is the most studied of the five 
gyres. It also can be described as the “Great Pacific Garbage Patch,” the “Eastern 
Garbage Patch,” or the “Pacific Trash Vortex.” The North Pacific gyre is a gyre of 
marine litter in the central North Pacific Ocean located approximately between 
135–155 °W and 35–42 °N. The gyre is characterized by exceptionally high con-
centrations of floating plastic and other debris that have been trapped by the 
currents of the North Pacific gyre. In the gyre, plastic pieces are usually broken 
into fragments due to wave action and UV exposure. The plastic debris is not 
continuous throughout the gyre. Instead, a series of rings with high concentra-
tions of floating debris comprises the gyre. The rings of floating debris expand 
and contract based on atmospheric conditions. In the Southern and Pacific 
Ocean off Japan, the amount of plastic debris has increased significantly in the 
last 20 years (Plastic Debris from Rivers to Sea 2009). The Southern California 
Coastal Water Research Project (SCCWRP) and the Algalita Marine Research 
Foundation (AMRF) in recent years have conducted studies to identify and 
quantify ocean litter in the four marine habits: beach, ocean bottom, ocean 
water column, and ocean surface. Plastics can accumulate in each of these four 
areas. The ocean bottom collects larger plastic materials, such as fishing gear 
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Figure 2.17  North Pacific gyre. Source: Artwork courtesy of Ms. Vanessa Vaquera of 
Chico, CA.
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and heavier objects. The water column collects plastic fragments that are sus-
pended by ocean currents. The ocean surface collects plastic fragments, floating 
plastic trash, and plastic pre- production pellets. The beach environment collects 
several plastic materials that come from beach litter and ocean debris that can 
interrupt the beach experience through encounters with plastic litter on the 
beaches (Figures 2.17 and 2.18).

Plastic debris can cause pollution for humans and injury to fish, seabirds, and 
marine mammals. Ocean litter is known to have affected at least 267 species 
worldwide, including 86% of all sea turtle species, 44% of all seabird species, and 
43% of all marine mammal species (Plastic Debris from Rivers to Sea 2009). Plastic 
fragments and floating debris can cause fatalities to marine life as a result of inges-
tion, starvation, suffocation, infection, drowning, and entanglement. Seabirds and 
short- tailed shearwaters that feed on the ocean surface are especially prone to 
ingesting plastic debris that floats.

The best way to reduce the plastic pellet pollution on the beaches is to have bet-
ter pellet control at plastic manufacturing operations. The plastics industry is 
promoting ways to reduce amounts of plastic pellets released into the environ-
ment with the Operation Clean Sweep (OCS) program. The goal of OCS is to assist 
plastic manufacturing operations with good housekeeping and pellet contain-
ment practices to achieve zero pellet loss in the plastic manufacturing plant 
(Operation Clean Sweep 2007). The OCS program can help reduce the amount of 
plastic pellet litter in the oceans.

Figure 2.18  Debris found on a lake in California in 2012.
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2.5.1.1  Persistent Organic Pollutants
Persistent organic pollutants (POPs) can be attracted to plastic pollution in the 
ocean. The organic pollutants that float in the oceans are absorbed onto the 
 plastic. POPs are organic compounds that reside in the oceans and are resistant 
to  environmental degradation through chemical, biological, and photolytic 
 processes (Jones and de Voogt 2009).

POPs have been observed to persist in the environment and spread out over long 
distances. POPs can accumulate in human and animal tissue and become part of 
the human food chain. POPs have potential significant impacts on human health 
and the environment. POPs in the marine environment attach to plastic debris, 
which then are consumed by marine animals, many of which are in the human 
food chain. The plastic pellets and fragments can transport toxic substances in the 
marine environment to animals and ultimately to humans (Rios et  al.  2007). 
Researchers in Morocco found polychlorinated biphenyls (PCBs) in sediments of 
coastal communities (Piazza et al. 2009).

Twelve different chemicals are commonly referred to as POPs, including aldrin, 
chlordane, dichlorodiphenyl- trichloro- ethene (DDT), dieldrin, endrin, hepta-
chlor, hexachlorobenzene, mirex, PCBs, polychlorinated dibenzo- p- dioxins, 
polychlorinated dibenzofurans, and toxaphene. Other POP chemicals are consid-
ered carcinogenic and include polycyclic aromatic hydrocarbons (PAHs), 
brominated flame retardants, as well as some organometallic compounds such as 
tributyltin.

Many POPs have an origin as pesticides. Some POPs are produced from natural 
sources. Other POPs are released from electrical equipment or released in the pro-
duction of solvents, polyvinyl chloride, and pharmaceuticals (Rios et al. 2007). 
Some POPs are highly toxic, carcinogenic, and can cause chronic health effects, 
including endocrine disruption, mutagenicity, and carcinogenicity. The toxic 
POPs can be collected by plastics floating in the oceans causing potential danger 
to sea life that ingest the plastic. PCBs and DDTs were absorbed on polypropylene 
and polyethylene in high concentrations in a simulated marine environment 
(Mata et al. 2001).

Dioxins are present in the ocean waters due to the burning of organic materials, 
and can be a persistent marine pollutant. It is possible for dioxins to get absorbed 
onto plastic particles in the ocean. In 2009, research on POPs in the world oceans 
was undertaken at an international workshop on the occurrence, effects, and fate 
of microplastic debris (University of Washington 2009). The workshop focused on 
small plastic debris in the oceans, including the amount, location, and environ-
mental impacts of small plastics. Participants presented current research on 
microplastic occurrence and movement in the oceans, direct effects of microplas-
tics on marine organisms, interactions of POPs with plastics and the potential of 
plastics to adsorb and desorb these pollutants in the marine environment and to 
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organisms, and the effect plastics could have on the cycling of POPs. Small plastic 
pieces in the oceans can have high concentrations of toxic chemicals that are 
floating in the waters. The workshop illustrated the research, which concluded 
that plastic debris can absorb and transport organic contaminants, such as PCBs, 
up to 105–106 times the ambient seawater concentrations.

Ocean pollution can also be caused from agricultural, municipal, and industrial 
runoffs. The pesticides, herbicides, and insecticides used on commercial, agricul-
tural, and residential properties can flow from the ground and into storm sewers 
during the rainy season. The amount of pesticides, insecticides, and herbicides 
can be significant and cause significant environmental harm. These pollutants 
can be a source of POPs. Pesticides can also be a source of environmental pollu-
tion that might migrate toward plastics in the oceans. Pesticides released from 
storm runoff in Australia were found to damage the Great Barrier Reef Marine 
Park by creating a hazy cloud in the water over the reef and blocking out sunlight 
and reducing photosynthesis (Barrier Reef 2022). The rural land use has changed 
in the last 100 years causing more pesticide use and subsequent release into the 
marine environment. The pesticides include organochloride, organophosphate, 
phenoxy, triazine, urea, mercurial, and azole group pesticides. Urban and indus-
trial water discharges significantly pollute the marine environment. A wide 
variety of pesticides, including PAHs, terbutylazine, and PCBs, were found in 
ocean waters of Spain with a new extraction technique that will allow measure-
ments of semi- volatile substances (Perez- Carrera et al. 2007). The new technique 
will allow other researchers to study the effects of pesticides on marine life. 
Chlorohydrocarbon pesticides were found in Australian sediments throughout 
the coastal regions in the country. DDT, in particular, was found throughout the 
region (Connell et  al.  2002). Pesticide, herbicide, and insecticide runoffs from 
farms and urbane dwellings can also contribute to the POPs. In addition, plastic 
debris can contain pollutants such as PCBs far in excess of what is found naturally 
in seawater. Though banned in the United States in 1979, and on the international 
front in 2001, they are still found in waterways today.

2.5.2  Worldwide Coastal Cleanup

The persistence of ocean debris can be determined from the analysis of litter col-
lected in beach cleanups around the world. The Ocean Conservancy’s International 
Coastal Cleanup program encourages people around the world to remove trash 
and debris from the world’s beaches and waterways and identify the sources of 
debris. Trash can migrate to the ocean from waterways and storm drains hundreds 
of miles inland. In 1985, the Ocean Conservancy conducted a study on plastic 
marine garbage for the EPA (Highlights in the Fight against Marine Debris 2010). 
In 1986, the first beach cleanup was conducted along the Texas coast. Volunteers 
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collected 124 tons of trash from 122 miles of coastline. Since then the number of 
countries participating in the cleanup has expanded from 35 countries in 1992 to 
104 countries in 2008. The Ocean Conservancy published reports every year on 
the collection efforts of worldwide volunteers. In 2012, the Ocean Conservancy 
published “Trash Free Seas. International Coastal Cleanup 2012 Data Release” 
(Ocean Conservancy  2012). It represented 598 076  volunteers who covered 
20 776 miles and collected 9 184 428 pounds of trash on the beaches throughout 
the world (Ocean Conservancy 2012).

In 2009, the Ocean Conservancy published “A Rising Tide of Ocean Debris and 
What We Can Do About It.” The list of countries is shown in Table 2.1.

The report presented ocean debris data recorded by nearly 400 000 volunteers in 
104 countries and 42 US states (Ocean Conservancy’s International Coastal 
Cleanup 2010). In 2008, approximately 73% of cleanups were performed on ocean 
beaches and 27% were completed on inland waterways and lakes.

The marine report features a Marine Debris Index that includes a breakdown of 
the amount and type of trash in the ocean and waterways collected in one day. The 
report also emphasizes environmental impacts of ocean trash on sea life. 
Volunteers collected more than 11 million pieces of trash from cigarette butts to 

Table 2.1  Amount of debris collected and miles covered by nations in the 2009 “Ocean 
Cleanup Program.”

Country People Pounds Miles

Australia 139 6839 4.7

Brazil 9197 60 772 1260.4

Canada 34 220 317 156 1857.4

China 383 656 0.8

France 56 417 5.1

Germany 79 439 2.1

Greece 2686 30 521 56.6

India 26 038 170 300 330.2

Italy 204 5582 13.7

Japan 8802 39 547 65.7

Mexico 16 426 236 931 281.1

Philippines 114 418 1 069 443 149.4

Spain 703 18 457 18.3

United Kingdom 2729 22 409 1805.8

United States 200 190 3 861 630 9573.8
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Table 2.2  Litter ratios of total debris collection for worldwide coastal cleanup in 2011.

Country Pounds collected per person Pounds collected per mile

Australia 49 1455

Brazil 7 48

Canada 9 171

China 2 820

France 7 82

Germany 6 209

Greece 11 539

India 7 516

Italy 27 407

Japan 4 602

Mexico 14 843

Philippines 9 7158

Spain 26 1009

United Kingdom 8 12

United States 19 403

grocery bags and fast food wrappers. These were collected from beaches and the 
ocean floor along 17 000 miles of coastline. Beach cleanup results from 15 coun-
tries are listed in Table 2.1. For most countries, the majority of litter was found on 
land and not underwater. In the United States, 99% of the litter collected was 
found on the land versus underwater. Figure 2.18 shows debris that was collected 
at a beach on a Northern California freshwater lake. The items are similar to items 
collected along beaches throughout the world. The debris included aluminum 
cans, cigarette butts, plastic bottles, glass bottles, plastic fragments, clothing, plas-
tic packaging, and plastic cups (Figure 2.18).

Table 2.2 illustrates the combination of beach and underwater litter on beaches 
throughout the world. The beach cleanup includes marine and freshwater lakes 
on land and underwater. The results show that the United States had the most 
volunteers collecting land and underwater litter, the greatest amount of debris 
collected, and the most beach distance covered. China collected the least amount 
of debris and covered the least amount of beach area. Table 2.1 illustrates that 
Canada, the Philippines, and Puerto Rico also collected large amounts of litter on 
the beaches and underwater.

The results from the beach cleanup can be normalized to visualize the concen-
trations of litter per person and per mile of beach. Thus, the amount of beach 
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trash over the beach area can be better understood. It is preferable to have the least 
amount of marine litter per mile.

Table 2.2 illustrates that the Philippines, Australia, and Spain have the highest 
concentrations of beach litter per mile on land and underwater. The Australian con-
centration is high because of lower number of participants covering fewer miles 
than in 2008, where 16 pounds of debris were collected per person and 363 pounds 
of debris were collected per mile. These countries are followed by China, Mexico, 
and Japan. The United States has significantly less beach and underwater litter den-
sity than the top six countries. Brazil and the United Kingdom had the lowest litter 
density and can be considered the cleanest of the group per mile of beach.

In 2020, the Ocean Conservancy published a report entitled, “Together We Are 
Team Ocean” (Ocean Conservancy 2020). In that report, the team sponsored over 
7000 cleanup events across 116 countries with 943 195 volunteers over 869 miles. 
They collected 20 772 394 pounds of trash in 1 067 735  items. Many of the items 
were plastic products. They found over 7 million pieces of plastic, over 2.3 million 
pieces of plastic foam, and over 400 000 pieces of glass that measured less than 
2.5 cm. The researchers found the following in 2019: (Ibid)

1) Microplastics were found in ice cores taken from Antarctica.
2) Microplastics were found in the deep oceans.
3) Microplastics were found in food and beverage products.
4) Rubber dust is a large source of microplastics in the United States.

As many as 61 000 hermit crabs are estimated to become entrapped and die each 
year on just one remote island due to plastic marine debris. Scientists are con-
cerned that their discovery may have serious implications for crab species globally 
(Lavers et al. 2020).

Table 2.3 shows the ocean cleanup summaries for 15 countries, in 2019.
In 2019, volunteers collected over 7.7 million pounds of items on the shoreline. 

China and Brazil had the most polluted beaches. Brazil also had the most ocean 
debris collected on the beaches. Brazil also had the most amount of debris  collected 
per person.

The beach collection data can be analyzed by the number of items gathered on 
the beaches rather than the weight of the items. In 2011, the top 10 participating 
countries were:

1) The United States
2) The Philippines
3) Canada
4) Hong Kong
5) Dominican Republic
6) Mexico



2 Environmental Issues38

7) India
8) Peru
9) Ecuador

10) Puerto Rico

In 2011, volunteers collected over 10.5  million items of litter on beaches 
throughout the world, as compared to over 11.4 million items of litter on beaches 
in the world that were collected in 2008. The top 10 marine debris items that were 
collected in 2011 are listed in Table 2.4 and include plastic, aluminum, glass, and 
paper. The top 10  items accounted for 81% of the debris in 2011 versus 73% in 
2008. Cigarettes and cigarette filters are the most common litter items and are usu-
ally made with cellulose acetate plastic. Cigarette debris is followed by plastic 
debris including food wrappers, beverage bottles, trash bags, caps, lids, bottles, 
cups, plates, spoons, and straws. Glass bottles, aluminum cans, and paper bags 
round out the top 10 items. Table 2.4 also lists the common plastic materials that 
can be used for the debris item. Note that PS represents polystyrene, PP represents 
polypropylene, HDPE represents high density polyethylene, LDPE represents low 

Table 2.3  Ocean cleanup ratios for 15 countries.

Country Pounds collected per person Pounds collected per mile

Australia 4.62 88.82

Brazil 100.96 3777.42

Canada 4.48 124.10

China 11.30 3015.40

France 23.60 90.63

Germany 2.91 110.09

Greece 6.21 295.66

India 14.54 551.07

Italy 5.27 168.52

Japan 2.97 0.65

Mexico 3.86 448.36

Philippines 4.87 370.63

Spain 1.68 286.05

United Kingdom 2.28 449.94

United States 17.19 361.58

Source: Ocean Conservancy (2020).
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density polyethylene, PET represents polyethylene terephthalate, and PVC repre-
sents polyvinyl chloride. Plastics can be found in 7 of the top 10 marine debris 
items collected throughout the world.

The following table lists the items that were found in 2019 as a comparison to 
those found in 2011. Table 2.5 lists items found on ocean shores in 2019 (Ocean 
Conservancy 2020). In 2019, more plastic items in food wrappers were found on 
beaches and waterways than cigarette products. These food wrappers are made 
mostly from polystyrene, polyester terephthalate, polypropylene, PVC, and 
polyethylene.

Table  2.6 lists the sources of marine debris found in the world in 2008. The 
source of these items is mostly related to human recreational activities and 
 smoking. The world averages for the sources of marine debris demonstrate that 
61% of the items that were collected were related to shoreline and recreational 
activities, 31% of the items were related to smoking, 5% related to ocean and 
waterway activities, 2% to dumping activities, and 1% to medical and personal 
hygiene activities. In North America, the sources of ocean debris were similar to 
the world averages. The sources of marine debris by region are listed in Table 2.6.

This can indicate littering as the primary source of ocean debris in North 
America. Smoking usually occurs by people who are on or near the beaches 
around the world. Very little ocean debris is caused by dumping from ocean 

Table 2.4  Top 10 worldwide marine debris items in 2011.

Products
Materials: Plastic and 
other

Number 
of items

Percentage of 
total US debris

Cigarette/cigarette filters Cellulose acetate 1 025 044 28%

Food wrappers and 
containers

PS, PET, LDPE, 
HDPE, PVC

401 800 11%

Caps and lids HDPE, PP, aluminum 370 252 10%

Plastic bags HDPE and LDPE 245 773 7%

Plastic beverage bottles PET 227 046 6%

Cups, plates, knives, 
spoons

PS, PP, PS foam, PP 
foam, paper

168 478 5%

Straw/stirrers HDPE, PP 166 601 5%

Beverage cans Aluminum 158 796 4%

Beverage bottles Glass 150 344 4%

Paper bags Paper 73 928 2%

Total 2 988 062 82%

Source: Ocean Conservancy (2012).
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vessels. Rather, sources of ocean debris can be from trash collection facilities near 
streams or coasts, river and flood waters, industrial outfalls, storm drain dis-
charge, untreated municipal sewage, and recreational use of beaches.

A report in 2009 from Ocean Conservancy found that the source of the debris 
items is mostly related to human recreational activities and smoking (Ocean 
Conservancy’s International Coastal Cleanup 2010).

Table  2.6 lists the marine debris around the world. Littering from shoreline 
and recreational activities is the primary source of ocean debris in the world that 

Table 2.5  Items found on beaches and fresh waterways in 2019.

Plastic item Quantity %

1 Food wrappers 4 771 602 28.57

2 Cigarette butts 4 211 962 25.22

3 Plastic bottles 1 885 833 11.29

4 Plastic bottle caps 1 500 523 8.98

5 Straws and stirrers 942 992 5.65

6 Plastic cups and plates 754 969 4.52

7 Plastic grocery bags 740 290 4.43

8 Plastic takeout containers 678 312 4.06

9 Other plastic bags 611 100 3.66

10 Plastic lids 605 778 3.63

Total 16 703 361 100

Source: Ocean Conservancy (2020).

Table 2.6  Sources of marine debris by regions of the world.

Source
North 
America

Central 
America

South 
America Caribbean

South 
East Asia Worldwide

Shoreline and 
recreational

53.1% 23.7% 71.2% 81.5% 79.6% 61%

Smoking 35.2% 74% 19.1% 9.8% 11.1% 31%

Ocean and 
waterway

4.9% 1.6% 5.9% 5.3% 7.3% 5%

Dumping 2.1% 0.3% 2.4% 2.2% 1.1% 2%

Medical and 
personal hygiene

4.7% 0.4% 1.4% 1.2% 0.9% 1%
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accounts for approximately 61% of the worldwide marine debris items. Smoking 
activities contribute to approximately 31% of the worldwide marine debris items. 
The source of marine debris from smoking can be attributed to smokers who are on 
or near the beaches around the world. Very little ocean debris is caused by dumping 
from ocean vessels or of medical and personal hygiene products.

Shoreline and recreational activities are the most significant sources of marine 
debris in North America, South America, the Caribbean islands, and South East 
Asia. Smoking- related activities are the most significant source of marine debris 
in South America.

2.5.3  US Coastal Cleanup

The persistence of marine debris in the United States is similar to the persistence 
of worldwide debris. The United States has a lot of beaches that are used for rec-
reational activities, as do countries in the Caribbean, South America, and South 
East Asia. Increased trash collection on beaches and restricted smoking areas can 
reduce the amount of debris that ends up in the oceans.

Table 2.7 lists cigarettes and cigarette filters as the most common litter item in 
the United States, which is followed by plastic debris including food wrappers, 

Table 2.7  Top 10 US marine debris items in 2011.

Products Materials: Plastic and other
Number 
of items

Percentage of 
total US debris

Cigarette/cigarette filters Cellulose acetate 1 362 741 35%

Food wrappers and 
containers

PS, PET, LDPE, HDPE, 
PVC, PP

397 231 10%

Caps and lids HDPE, PP, aluminum, 
steel, tin

379 589 10%

Plastic bags LDPE and HDPE 229 758 6%

Plastic beverage bottles PET 210 568 5%

Cups, plates, knives, 
spoons

PS, PP, PS foam, PP foam, 
paper

167 108 4%

Beverage bottles: glass Glass 168 849 4%

Straw/stirrers HDPE, PP 155 659 4%

Beverage cans Aluminum 163 441 4%

Cigar tips Cellulose 74 399 2%

Total 3 309 343 84%

Source: Ocean Conservancy (2012).
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containers, caps, lids, plastic bags, bottles, cups, plates, spoons, and straws. Glass 
bottles, aluminum cans, and paper bags round out the top 10 items. Plastics can 
be found in seven of the top 10 marine debris items collected in the United States.

Other beach litter items were classified as dangerous to aquatic life. These items 
can cause death or injury due to entanglement, suffocation, injury, or starvation. 
Plastic pollution and litter are problems with plastics and need to be addressed 
with sustainable materials to reduce the waste and pollution.

Table 2.8 lists the US marine debris items in 2019.
The United States collected over six million items in 2019. Cigarette butts were 

the most prolific item in the US beaches accounting for 37% of the debris as shown 
in Table 2.8

2.6   Chemical Pollution from Plastics

Pollution can be created during the production of plastic products. The most 
 common areas of pollution- related concern include ozone layer depletion, 
 atmospheric emissions, smog generation, aquatic eutrophication, terrestrial 
eutrophication, aquatic acidification, toxic chemical generation, and carcinogenic 
material generation.

Ozone depletion and atmospheric emissions can come from byproducts 
 generated during the creation of plastics. The EPA provides a list of two classes of 

Table 2.8  Top 10 US marine debris Items in 2019.

Plastic item Quantity %

1 Cigarette butts 900 178 37

2 Food wrappers 387 025 16

3 Plastic bottle caps 383 434 16

4 Plastic bottles 223 088 9

5 Straws and stirrers 182 481 7

6 Plastic grocery bags 103 710 4

7 Plastic lids 74 839 3

8 Other plastic bags 74 162 3

9 Plastic takeout containers 68 912 3

10 Plastic cups and plates 57 676 2

Total 2 455 505 100

Source: Ocean Conservancy (2020).
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ozone- depleting chemicals (EPA Ozone Protection 2013). The chemicals are primarily 
chlorinated and brominated compounds, for example, CFCs. Ozone- depleting 
chemicals can be used and released while producing plastic pellets and products. 
Atmospheric emissions include chemicals classified as pollutants. Atmospheric 
emissions primarily are associated with the combustion of fossil fuels for energy 
and transportation requirements in manufacturing of products, including plastics. 
Atmospheric emissions can include carbon dioxide, carbon monoxide, hydrocarbons, 
nitrous oxides, sulfur oxides, and particulates. Smog can be formed from many 
chemicals including carbon monoxide, particulates, and hydrocarbons. Life cycle 
assessment (LCA) software can provide emission data on the production of ozone- 
depleting chemicals and atmospheric emissions (LCA Nature WorksTM 2009).

Chemical pollution can include production of polluting substances that can lead 
to aquatic eutrophication, terrestrial eutrophication, aquatic acidification, toxic 
chemicals, and carcinogenic substances. Eutrophication is a bloom of vegetation in 
aquatic or terrestrial environments. It is caused by the addition of artificial nitrates 
and phosphates in the ecosystem. Acidification is a reduction in the pH of the 
aquatic environment. It is caused by the uptake of carbon dioxide in the atmos-
phere. As the levels of carbon dioxide increase, more of it can dissolve in ocean 
water and freshwater areas. The carbon dioxide can react with the water and form 
carbonic acid resulting in a lower pH levels. Toxic chemicals can be formed during 
the production of energy for manufacturing facilities. The toxic chemicals can 
include benzene, dioxins, toluene, xylene, ethyl benzene, styrene, cyanide, etc. The 
toxic chemicals can also be carcinogenic. LCA software can provide generation 
data on the production of toxic and carcinogenic chemicals during the creation of 
plastic products (LCI Summary for PLA and PET 12- Ounce Water Bottles 2013).

2.7   Landfill Trash

Most of the debris collected on land is placed in landfill operations. Modern land-
fills are well designed and engineered facilities that are operated and monitored to 
meet federal regulations. The landfills are designed to accept solid debris and pre-
vent contamination of the land and groundwater from the solid debris. Landfills 
are, typically, designed according to the “cap- and- seal” strategy of the EPA, as 
shown is Figure 2.19, to prevent the leachate from contaminating groundwater 
near the landfill. The area below the landfill is covered in geosynthetic clay to 
provide a barrier for the landfill. American Society for Testing and Materials 
(ASTM) standards are developed to design the liner systems using geosynthetic 
clay liners (Koerner and Narejo 1995).

In the United States, 1908 municipal solid waste (MSW) landfills were in opera-
tion during 2008. The operations at landfills in 2020 is shown in Figure 2.20. 
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A total of 289.5 million tons of solid debris were collected and buried in landfill, 
recycled, or composted. Approximately, 69% of the solid debris was buried in 
landfill, 24% was recycled and composted, and 7% was combusted via waste to 
energy. Table 2.9 lists the regional disposal of MSW at landfills during 2008 (van 
Haaren et al. 2010).

The landfills are vented to release the trapped landfill gases that are made from 
biogas, methane, and carbon dioxide. The landfill gases can be collected and used 
for energy purposes or burned. Methane can be recovered from active landfill sites 
called bioreactors where biodegradation is enhanced with the addition of liquids, 
air, and microbial processes. The bioreactor can be of three designs that include 

Combustion
Composting

Recycling Landfilling 52.5%

12.8%

8.9%

25.8%

Figure 2.20  Operations at a landfill in 2020. Source: Landfill operations (2020).
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Soil layer
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Figure 2.19  Cross- sectional view of cap- and- seal landfill.
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anaerobic, aerobic, and hybrid. With anaerobic designs, moisture is added in an 
anaerobic environment to generate landfill gas. With aerobic designs, leachate is 
removed from the bottom of the reactor and recirculated with air back into the 
landfill. Landfill gas is removed from the landfill. With hybrid bioreactor designs, 
waste biodegradation is accelerated through alternating aerobic and anaerobic 
treatments that rapidly biodegrade organics in the landfill and collect landfill 
gases at the bottom of the reactor (EPA Landfill 2013).

Landfills are capped with ground cover and grasses to provide an enclosed 
“tomb- like” structure for the solid debris. Very little biodegradation occurs in the 
landfills due to the lack of oxygen, cool temperatures, dry environment, and lim-
ited microorganisms. A study from the University of Arizona found that newspapers 
did not biodegrade in the landfill and could be read after 100 years from when it 
was first printed. Food scraps and organics found in the landfill were still recogniz-
able after 30 years in the landfill (Rathje and Murphy  2001). At the end of the 
service life, plastic products can be either collected for recycling or thrown away 
with the trash. Waste disposal companies usually collect the plastics with other 
recycled products. Plastics, metals, and glass are sorted from the refuse and sent to 
recyclers. The solid waste can be recycled or sent to an incinerator or landfill.

On average in the United States, the waste generation sent to landfills is approx-
imately 700 000 tons/day. With plastics accounting for approximately 13% of the 
refuse, the average plastic disposal is 91 000 tons/day. There are approximately 
2600 landfills in the United States in 2020. A map of the landfills in the United 
States in 2020 is provided in Figure 2.21 (Landfills USA 2020).

California has the most landfills in the United States. Rhode Island has the few-
est landfills in the United States.

The items in the landfill are mostly paper, food waste, and yard trimmings. 
These are separated and then composted. Most landfill facilities have compost 
and recycling operations. The items in the landfill are shown in Figure 2.22.

Table 2.9  Diversion rates of MSW in landfills during 2008.

Region Landfill (%) Recycling/composting (%) Waste to energy (%)

Mid- Atlantic 59 27 14

Midwest 78 22 1

Rocky Mountains 88 11 1

South 79 13 8

West 52 46 2

United States Total 69 24 7

Source: MSW Landfill EPA (2008).
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The items in a landfill on average, in 2018, are as follows:

1) Paper, 25%
2) Food waste, 15.2%
3) Plastics, 13.2%
4) Yard trimmings, 13.1%
5) Rubber, leather, and textiles, 9.7%
6) Metals, 9.4%
7) Wood, 6.7%
8) Glass, 4.2%
9) Other, 3.5%

Wood Glass Other

Metals

Yard trimmings

Plastics

Rubber, leather
textiles Food waste

Paper

4%

25%

15%

13%

13%

10%

9%

4%
7%

Figure 2.22  Contents of the landfills in the United States in 2018.

Nationwide summary

565 Operational projects
(1,658 MW and 324 mmscfd)

~ 475 Candidate landfills
(898 MW or 499 mmscfd,
45 MMTCO2e/yr potential)

Figure 2.21  Map of landfills in the United States in 2020. Source: Landfills USA (2020).
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Plastics historically were present at about 10% by weight. Thus, in 2018, the 
amount of plastics has increased in the landfills. By volume, the percentage is 
higher due to the low density of plastics. EPA refers to trash, or MSW, as various 
items consumers throw away after they are used. These items include bottles and 
corrugated boxes, food, grass clippings, sofas, computers, tires, and refrigerators. 
Food waste comprised the fourth largest material category, estimated at 63.1 mil-
lion tons or 21.6% of total generation in 2018. Yard trimmings comprised the next 
largest material category, estimated at 35.4 million tons, or 12.1% of total genera-
tion, in 2018. This compares to 35 million tons (16.8% of total generation) in 1990 
(Ibid). In 2018, plastic products generation was 35.7 million tons, or 13.2% of gen-
eration. This was an increase of 4.3 million tons from 2010 to 2018, and it came 
from durable goods and the containers and packaging categories. Plastics genera-
tion has grown from 8.2% in 1990 to 12.2% in 2018. Plastics generation as a percent 
of total generation has varied from 12.2 to 13.2% over the past eight years (Ibid).

In 2018, 2.7 million tons of selected consumer electronics were generated, rep-
resenting less than 1% of MSW generation. Selected consumer electronics include 
products such as TVs, VCRs, DVD players, video cameras, stereo systems, tele-
phones, and computer equipment.

The total MSW recycled was 69 million tons, with paper and paperboard 
accounting for approximately 67% of that amount. Metals comprised about 13%, 
while glass, plastic, and wood made up between 4 and 5%. Total MSW recycling by 
material, in 2018, was 69.0 million tons: paper and paperboard, 66.60%; glass, 
4.43%; metals, 12.63%; plastics, 4.38%; wood, 4.49%; rubber, leather, and textiles, 
6.06%; and other, 1.41% (Ibid).

The total generation of MSW in 2018  was 292.4 million tons (US short tons, 
unless specified) or 4.9 pounds/person/day (MSW EPA 2019).

Of the MSW generated, approximately 69 million tons were recycled and 25 mil-
lion tons were composted. Together, 93.9 million tons of MSW were recycled and 
composted, equivalent to a 32.1% recycling and composting rate. An additional 
17.7 million tons of food were managed by other methods. Other food manage-
ment includes the following management pathways: animal feed, bio- based 
materials/biochemical processing, co- digestion/anaerobic digestion, donation, 
land application, and sewer/wastewater treatment. In addition, nearly 35 million 
tons of MSW (11.8%) were combusted with energy recovery and more than 
146 million tons of MSW (50%) were landfilled (Ibid).

For 2011 in the United States, the total waste disposed of in landfills was approx-
imately 250  million tons. Of the MSW, approximately 53.6% was buried in a 
landfill, 34.7% was recycled or composted, and 11.7% was converted to energy 
through combustion. As shown in Table  2.10, plastics accounted for approxi-
mately 12.7% by weight of the solid debris (EPA Waste 2013). For 2008, as reported 
in a California statewide waste characterization study, approximately 40 million 
tons of solid waste was disposed of in landfills as MSW. Plastics accounted for 
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approximately 9.6% of the waste by weight. Plastic trash bags comprised 1% and 
plastic film comprised 1.7% of the waste stream. The commercial sector generated 
approximately 50% of the solid waste, the residential sector generated approxi-
mately 30% of the solid waste, and the self- hauled sector generated approximately 
20% of the solid waste. For 2008, plastics contributed to 12% by weight of the waste 
stream for the commercial waste, 11.3% of the waste from residential waste, and 
5.8% of the waste stream in self- hauled waste (California 2008).

Table 2.11 lists the top 10 items found in a landfill on average in California. For 
the landfills in the United States, approximately 56% of the items are organic in 
nature. Of the landfills in California, approximately 50% of the items are organic 
in nature. Plastics accounted for 12.7 weight% of the waste in the United States 
and 9.6% of the solid waste in California.

Table 2.10  Contents of the landfill in California, 2008.

1. Organics 32.40%

2. Inert and other 29.10%

3. Paper 17%

4. Plastic 9.60%

5. Metal 4.60%

6. Special waste 3.90%

7. Glass 1.40%

8. Other 1.70%

9. CA total 100.00%

Source: CA Landfill (2020).

Table 2.11  Contents of the landfill in California, 2018.

1. Organics 34.00%

2. Paper 17.00%

3. Inert and other 14.00%

4. Plastic 12.00%

5. Other 9.00%

6. Special waste 7.00%

7. Metal 5.00%

8. Glass 2.00%

9. CA Total 100.00%

Source: CA Landfill (2020).
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In 2018, California had the following contents in the landfill as shown in 
Table 2.11 and Figure 2.23.

As shown in the figure, the amount of plastic in the landfill increased from 9.6 
to 12%. The amount of organics also increased from 32.4 to 34%. Inert and others 
also increased from 1 to 14%.

2.8   Summary

The land and ocean temperatures are rising over the last 100 years. The average 
temperatures of the planet in 2011 were the second highest “strong La Niña” tem-
peratures in recorded history. Glaciers throughout the world are melting due to 
the increased surface temperature of the planet. The levels of the oceans are ris-
ing. This can be attributed to thermal expansion of the water, land water storage 
change, and melting of glaciers and icebergs. Carbon dioxide and other GHGs 
have increased dramatically since 1960 in the world. The increase in the levels of 
GHGs in the atmosphere is the likely cause of the temperature rise on the planet. 
The primary sources of carbon dioxide emissions are from energy generation and 
transportation.

The predominant sources of marine debris around the world are from smoking 
activities and littering during shoreline and recreational activities. Very little 
ocean debris is caused by dumping from ocean vessels or of medical and personal 
hygiene products.

Plastic debris accounts for 60–80% of marine pollution. The top debris items are 
cigarette products, plastic bags and bottles, plastic packaging and disposal cutlery, 
glass bottles, aluminum can, and paper bags. Cigarette and cigar products com-
prise the majority of solid debris items found throughout the world. Common 
plastic debris items are plastics bags, containers, bottles, and disposable dinnerware.

Special
waste

Metal Glass

Other

Plastic

Inert
others

Paper

Organic
34%

2%5%7%

9%

12%

14% 17%

Figure 2.23  Contents of 
landfill in California in 2018. 
Source: CA Landfill (2020).
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Landfills in the United States are designed according to the “Cap and Seal” 
strategy of the EPA, where the landfill has a liner of clay and is sealed on top with 
grass and vegetation. The landfills in the United States are similar to a “dry tomb” 
structure with very little moisture, oxygen, and microorganisms. Very little bio-
degradation occurs in the typical landfill.
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3.1  Life Cycle Assessment for 
Environmental Hazards

Life cycle assessments (LCAs) include many environmental hazards. LCA can 
be  used to compare the environmental impacts of producing plastic products. 
Sustainability for manufacturing can be categorized into generation of green-
house gases (GHGs), solid and liquid wastes, and air and water pollution.

The United Nations Environment Program and the Society for the Environmental 
Toxicology and Chemistry provide a Web site with information on LCA including 
approaches for capability development, methodologies, data, resources, and impacts. 
The Life Cycle Initiative includes LCA publications and manual. The goal of the 
initiative is to enable people around the world to use LCA more frequently and 
efficiently. The Life Cycle Initiative can establish a global network of LCA experts 
to establish and manage best practices of LCA across multiple industries and 
product sectors (Life Cycle Initiative 2013). The U.S. National Energy Laboratory 
(NREL) created a US life cycle inventory database to provide support for develop-
ers of LCA models of products and services (U.S. NREL  2014). The database 
provides “cradle- to- gate” and “cradle- to- grave” (life cycle inventory) LCI informa-
tion to account for energy and material flows into and out of environments for 
products and services. The goals of the LCI database are to maintain data quality 
of critically reviewed LCI data for US materials, products, and process; maintain 
compatibility with international LCI databases; and to support US industry 
competitiveness.

3

Life Cycle Information
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3.2  Life Cycle Assessment Definitions

LCA is a methodology to assess the environmental impacts of a product, process, 
or service. ISO 14040:2006 is an international standard for LCA. LCA is performed 
with a four- step process that includes:

1) Definition of goal and scope.
2) Inventory of relevant energy, material, and transportation inputs and related 

liquid, gas, and solid generated outputs.
3) Evaluation of the impacts of releases on the environment associated with the 

emissions and waste generation by viewing the environmental impacts per 
functional unit.

4) Interpretation of the LCA results.

The integrated four- step LCA process is described in Figure 3.1.

3.2.1  LCA Step 1: Goal and Scope Development

The first step in the LCA process is to establish the goal and scope of the 
LCA. The  purpose, assumptions, and functional unit are established for the 
LCA. The functional unit is used to compare different materials, processes, or 
services. The functional unit ensures that comparisons can be made between 

Goal

Inventory
analysis

Impact
assessment

Interpretation Interpretation

Interpretation Interpretation

Figure 3.1  Life cycle assessment four- step definition.
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different materials, processes, and services. Assumptions can include transportation 
by truck or rail, end- of- life is recycled, waste- to- energy, landfill, or composting 
process. The scope in the LCA will be determined if end- of- life environmental 
effects are considered or if the LCA will end after the manufacturing process. 
“Cradle- to- gate” LCA life cycle is one where the materials and energy required to 
produce a product from raw materials to final product are used in the LCA calcu-
lations. Likewise, the “cradle- to- gate” LCA will provide environmental emissions, 
waste generation, and pollution generated during the production of a product 
from raw materials to final product. An LCA that considers manufacturing, prod-
uct use, and end- of- life is referred to as “cradle to grave.” An LCA that includes 
chemical recycling or reuse can be referred to as “cradle to cradle.” “Cradle- to- 
gate” and “cradle- to- grave” analysis will be discussed later in this chapter.

3.2.2  LCA Step 2: LCI Development

The second step in the LCA process, LCI, called life cycle inventory, catalogs all of 
the various materials, energy, and transportation inputs needed to produce the 
raw materials and manufactured products or systems. The LCI also catalogs the 
emissions and wastes generated in the production process or system. Figure 3.1 
lists the inputs and outputs for the LCI. The U.S. Department of Energy provides 
a US LCI database roadmap (US Department of Energy 2009). The goals of the 
database project are to:

 ● Maintain LCI data quality and transparency.
 ● Provide LCI data for common industrial materials, products, and processes in 

the United States.
 ● Be compatible with international LCI databases.
 ● Provide LCI resources for US industry and data accessibility.

The US LCI tool can help US companies integrate LCA into business plans and 
environmental analysis for new products and services. The US LCI tool can pro-
vide LCI data for many US manufactured processes and an expanded database of 
LCI information. The US LCI tool had contributions from the U.S. Department of 
Energy, U.S. General Services Administration, U.S. Environmental Agency, 
U.S. Forest Service, U.S. Navy, U.S. Green Building Council, American Chemistry 
Council (ACC), Athens Institute, CORRIM, Franklin and Associates, Institute for 
Environmental Research and Education, Portland Cement Association, Sylvatica, 
and Vehicle Recycling Partnership of USCAR.

The LCI database provides LCI information for many industries including:

 ● Air transportation
 ● Chemical manufacturing
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 ● Crop production
 ● Electric component and computer manufacturing
 ● Fabricated metal product manufacturing
 ● Forestry and logging
 ● Mining
 ● Nonmetallic mineral product manufacturing
 ● Oil and gas extraction
 ● Paper manufacturing
 ● Petroleum and coal products
 ● Plastics product manufacturing
 ● Plastics and rubber products manufacturing
 ● Primary metal manufacturing
 ● Rail transportation
 ● Transit and ground passenger transportation
 ● Truck transportation
 ● Utilities
 ● Waste management and remediation
 ● Wood products manufacturing
 ● Biomass

For plastics manufacturing, the LCI database provides LCI information for all 
major plastics. The database provides references of LCI data from the ACC.

3.2.3  LCA Step 3: LCA Development

The third step in the LCA process is to assess the environmental impacts from the 
inventory collection of Step 2. The assessment step typically normalizes the input 
and outputs to the LCI as per the normalized unit. Thus, the environmental effects 
can be viewed as per a grouping of the product, for example, 1000 grocery bags, 
10 000 cellular phones, and 100 000 vehicles. For example, the environmental 
impacts can be viewed as 10 000 cellular phone cases made from Acrylonitrile 
butadiene styrene (ABS) versus 10 000 cellular phone cases made from PP. Then, 
the amount of energy required to produce 10 000 cellular phone cases from ABS 
can be compared to the amount of energy required to produce 10 000 cellular 
phones from PP. Likewise, the carbon footprint, solid waste, and pollution can be 
calculated as per the common grouping.

3.2.4  LCA Step 4: Interpretation of Results

The fourth step is the interpretation of the data and is involved in all of the 
 previous three steps. The data should be analyzed in each of the three steps for 
consistency and accuracy. The scope and assumptions should be reviewed in each 
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of the steps of the LCA process to ensure thoroughness. The last step interprets 
the results from the LCA and provides conclusions and recommendations for 
minimizing environmental impacts of products, processes, and services.

3.3   ISO 14040/14044 Life Cycle Assessment Standards

The International Organization for Standardization (ISO) published standards for 
LCA. LCA compares environmental performance of products in terms of GHG 
emissions, pollution generation, waste generation, energy consumption of water 
consumption, and other resource consumption. LCA compares these items in 
terms of a measurable quantity of the products.

ISO 14040: 2009 is an international standard of the LCA with a focus on prin-
ciples and framework. ISO 14040 provides a summary of the LCA practice and 
applications for LCA. It also includes limitations of the LCA process. ISO 14040 
describes the four- step process to develop an LCA that includes goal, LCI, LCA, 
and interpretation. ISO 14040 also provides reporting aspects of an LCA and 
the critical review and limitations of the LCA. ISO 14040 does not specify 
methodologies of the individual LCI and LCA phases of the LCA (ISO 
14040:2006 2006). ISO 14044:2006 is an international standard of the LCA with 
a focus on requirements and methodology of conducting an LCA. ISO 14044 
provides guidance on the preparation of the LCI and assessments of the LCI 
through the LCA. ISO 14044 provides guidance on the interpretation of the 
LCA results as well as sensitivity analysis of the data used in the LCA (ISO 
14044:2006 2006).

LCI can be used to evaluate the material, energy, and raw materials necessary 
to produce a product or system, as well as the environmental impacts of the 
product or system. If the scope of the LCA ends with the creation of a product 
or system, then it is referred to as “cradle- to- gate” assessment as shown in 
Figure 3.2. The energy requirements, raw materials, and water consumed are 
tabulated to produce a product or system. Likewise, the air and water pollution, 
waste generation, and GHG emissions are calculated for the product or system. 
Cradle- to- gate LCA can be used to evaluate the environmental impacts of pro-
ducing a product or system. This can be beneficial to manufacturing companies 
that are looking into ways to produce a product or system with lower environ-
mental impacts.

LCA can be created with dedicated software packages, for example, 
GaBi  Software, SimaPro, and Sustainable Minds (GaBi Software Product 
Sustainability 2013; SimaPro 2013; Sustainable Minds 2013). LCI can be used to 
evaluate the raw materials, energy, and water requirements to create a product 
or system that includes transportation and end- of- life options for the products. 
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This LCA process is referred to as “cradle to grave” and is shown in Figure 3.3. 
Likewise, the air and water pollution, waste generation, and GHG emissions are 
calculated for the product or system. Cradle- to- grave LCA can be used to evaluate 
the overall impacts of producing a product or system on the environment. This 
can be beneficial to manufacturing companies that are trying to reduce the trans-
portation energy and environmental costs on a product. Also, companies can 
evaluate  different end- of- life scenarios for the product for composting, recycling, 
waste- to- energy, or landfilling options. Cradle- to- grave LCA can be helpful for 
companies to establish triple bottom line accounting for the development of sus-
tainable products and  to incorporate design for sustainability principles in the 
design of a product or system.

3.4  Sensitivity Analysis

The results in an LCA study can be affected by many sources of uncertainty. The 
sources of uncertainty can be found in the choices used for assumptions, scope, 
boundaries, impact assessment methods, and the quality of the available data. In 
addition, assumptions made for the inclusion of end- of- life, transportation, and 
pollution can significantly affect the results in an LCA.

Key to the relevance of any LCA study is the quality of data. This can be meas-
ured with sensitivity analysis (Cellura et al. 2011). LCA studies should include a 
section on sensitivity analysis and identify areas in the LCA that may be unrelia-
ble or inaccurate. The uncertainty in the LCA study should require the data to be 
calculated with critically reviewed methods. LCA results should include a range 
of results that incorporates variations in the input data.

Energy Air pollution

Water pollution

Waste generation

GHG emissions

Other

Manufactured
product or

system

Raw materials

Water

Transportation

Other

Figure 3.2  Life cycle inventory process for “cradle- to- gate” analysis.
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Figure 3.3  Life cycle inventory process for “cradle- to- grave” analysis.
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Three procedures of analysis can be used to estimate the uncertainty in an LCA 
study (May and Brennan 2003):

1) Gravity analysis to determine the data with the highest contribution.
2) Uncertainty analysis to determine the range of possible results based on data 

uncertainty.
3) Sensitivity analysis that assesses the influence of a parameter, or independent 

variable, on the value of another parameter, or dependent variable.

As an example, sensitivity analysis was used to determine the uncertainty in an 
LCA on Italian roof tiles (Cellura et al. 2011). In the study, uncertainty was found 
in several sources of data in the LCA. The results revealed that in some cases sig-
nificant differences in energy usage and environmental impacts can be obtained 
with different assumptions. The research found that uncertainty can be of the 
following types:

 ● Parameter uncertainty due to incomplete input data.
 ● Model uncertainty due to linear assumptions for environmental relationships.
 ● Methodological uncertainty due to assumptions made with LCA parameters.
 ● Spatial uncertainty due to short-  and long- term time scales.
 ● Data uncertainty due to the use of secondary input data.

The Italian tile LCA case found that significant variability in the LCA was due to 
the use of secondary data to calculate the environmental impacts of clay tiles. 
Assumptions for transportation and electricity sources caused variation in the LCA 
data, as well as the use of subjective choices in the LCI data from different evaluators.

Standard databases and site- specific inventories can be used to reduce the 
inconsistencies in the LCA and provide a more reliable LCA. Primary energy, elec-
tricity, transportation, and fuel usage data should be provided by local databases 
and evaluated for consistency by LCA experts.

3.5   Minimal Acceptable Framework for Life 
Cycle Assessments

LCA can be produced from a variety of sources and provide a variety of results. 
Standardization of LCA inputs and outputs would benefit the usefulness of 
LCA. Minimal acceptable features of an LCA are that it follows ISO 14040/14044 
standards and uses a four- step process indicated previously. In addition, the LCA 
should include several items listed in the definition of sustainability, that is, GHG 
emissions, waste generation, and pollution. The LCA should also include at a 
minimum end- of- life considerations. Water usage is an important consideration 
for some areas of the world but not in all areas, and thus is not included in the 
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minimal framework. The pollution areas that are most commonly evaluated in 
LCAs are water eutrophication and acidification. Thus, an acceptable methodol-
ogy for LCA should include the following at a minimum:

 ● Equivalent functional unit for the LCA.
 ● Energy required LCI calculation per functional unit.
 ● Equivalent carbon footprint LCI calculation per functional unit.
 ● Waste generation LCI calculation per functional unit.
 ● Eutrophication generation LCI calculation per functional unit.
 ● Acidification generation LCI calculation per functional unit.
 ● Transportation per functional unit from raw materials to plastics conversion 

operations.
 ● End- of- life scenarios.
 ● ISO 14040 and 14044 compliant.
 ● Uncertainty analysis.

3.6  Life Cycle Inventory for Petroleum- Based Plastics

LCI can be used to calculate the environmental impacts of producing petroleum- 
based plastics. The LCI for petroleum- based plastics is based on ISO 14040 and 4044 
and provided by the ACC for nine plastic resins and four polyurethane procurer 
resins. The cradle- to- gate analysis can provide a foundation for understanding the 
energy requirements, GHG emissions, waste generation, and pollution with the 
most common petroleum- based plastics. The LCA process for polyethylene tereph-
thalate (PET) plastic can be used as an example (ACC LCA 2011; Nine resins).

3.6.1  LCI for PET Pellets

The LCI for the production of PET pellets in a cradle- to- gate analysis was pro-
vided by Franklin and Associates in 2011. PET plastic was produced from crude 
oil in a five- step process outlined in Figure  3.4. The LCA provides energy and 
water requirements, GHG emissions, waste generation, and pollution production.

For PET plastic, the pellet production process includes the following:

1) Extracting crude oil
2) Producing naphtha
3) Producing benzene and ethylene oxide
4) Producing ethylene glycol and terephthalic acid
5) Polymerizing PET and producing pellet

The LCA process takes into account all of the energy, raw materials, water, and 
fossil fuels required in the production of PET pellets. The first step is the extraction 
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of crude oil. The process requires electricity, fossil fuels, natural gas, water, and 
other materials. The second step is the production of naphtha with the use of fossil 
fuels, electricity, water, and other materials. The third step is the production of 
benzene and ethylene oxide with the use of electricity, fossil fuels, water, and other 
materials. The fourth step is the production of ethylene glycol and terephthalic 
acid with the use of fossil fuels, electricity, water, and other materials. The last step 
is the polymerization of PET and conversion into PET pellets with the use of elec-
tricity, fossil fuels, water, and other materials. The air and water emission, waste 
generations, and pollution were calculated based on data compiled by Franklin 
Associates from surveys from 17 resin and precursor manufacturers in North 
America. Other upstream information was provided by Franklin internal database. 
Fuels and energy databases are from the US LCI database. All calculations fol-
lowed ISO 14040 and 14044 requirements (Cradle to Gate Life Cycle 2011).

The assumptions in the LCA analysis are as follows:
Assumptions

 ● 1000 kg of plastic resins.
 ● Plastic resins were produced from crude oil and natural gas.
 ● Fuels used to transport plastic resins are included.
 ● Off- gas fuel is reused in the production process.
 ● ISO 14040 and 14044 guidelines were used.
 ● Energy and fuel data included US LCI database from 2003 database.
 ● Data collected came from plants in the United States, Mexico, and Canada.
 ● Cradle- to- gate analysis was used. End- of- life options, conversion to plastic 

products, product use, and transportation to retail outlets are not considered.
 ● Water consumption was not calculated due to the lack of corresponding data for 

the raw materials and intermediate chemicals.
 ● Land use and erosion were not considered due to lack of quality data sources.

The LCA considers environmental impacts of the process, fuel, end- of-  life, and 
energy material resource. For appropriate comparisons with other LCA studies, 

1. Crude oil
2. Naptha

3. Benzene/ethylene oxide
4. Ethylene glycol/
terephthalic acid

5. Polyethylene terephthalate

Energy

Raw materials

Water

Fossil fuels

Other Other

GHG emissions

Waste generation

Water pollution

Air pollution

Figure 3.4  “Cradle- to- gate” process of producing PET plastic pellet.
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we will consider only the environmental effects of the process of each material. 
The environmental categories considered are:

 ● GHG emission
 ● Energy usage
 ● Waste generation
 ● Water usage

3.6.2 LCA Sensitivity Analysis

The analysis has limitations for cradle to gate and not cradle to grave. The LCA did 
not consider the fuel production, energy values are for data from one particular 
year and not averages of 10 years.

3.6.3  LCA for PET, GPPS, HDPE, and PP Pellets

LCI can also be calculated for other plastic resins and used as a comparison. 
Table 3.1 presents “cradle- to- gate” analysis of the environmental impacts of four 
plastic resins that can be used for plastic applications (Cradle to Gate Life 
Cycle 2011). Table 3.1 demonstrates that PP and HDPE produce lower GHG emis-
sions per kilogram of resin and solid waste per kilogram of resin than PET and GPPS.

Additional LCAs will be calculated for PET, PP, PS, and other plastic products in 
Chapter 7. The LCA of plastic products can be used based on the information in 
Table 3.1 to calculate the cradle to grave of plastic products made.

3.7   Life Cycle Assessment for Biobased Poly 
Lactic Acid

LCA can be used to calculate the environmental impacts of producing biobased 
PLA plastic. The LCA for the production of PLA pellets in a cradle- to- gate analy-
sis was provided with an LCA on Ingeo® PLA. The PLA was produced with the 

Table 3.1  LCI of environmental impacts of four plastic resins.

Environmental impact PET GPPS HDPE PP

Mass (kg) 1 1 1 1

Specific gravity 1.37 1.06 0.92–0.95 0.9

Energy consumed (GJ) 0.0704 0.0952 0.0783 0.077

Carbon footprint (kg CO2eq) 2.733 3.242 1.897 1.860

Solid waste generated (kg) 0.141 0.110 0.0771 0.085
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new lactic acid production process with reduced environmental impacts for the 
Ingeo production system. The LCA provides energy and water requirements, 
GHG emissions, waste generation, and pollution production (Madival et al. 2009; 
Vink et al. 2010).

For PLA, the manufacturing process includes the following:

1) Harvesting corn
2) Isolating starch
3) Converting starch to dextrose
4) Fermenting glucose to lactic acid via bacteria
5) Polymerizing lactic acid to poly lactide pellets

The process of producing PLA is described in Figure 3.5. The LCA process takes 
into account all of the energy, raw materials, water, and fossil fuels required in the 
production of Ingeo pellets. The first step is the harvesting of the corn in the fields 
where the corn is grown, harvested, dried, and transported to the corn wet mill. 
The process requires fertilizers, electricity, fossil fuels, natural gas, and other 
materials. The second step is the production of starches and dextrose sugars with 
the use of fossil fuels, electricity, steam, water, and other materials. The third step 
is the fermentation to lactic acid with the use of electricity, fossil fuels, water, 
steam, and other materials. The fourth step is the production of lactide from lactic 
acid with the use of fossil fuels, electricity, steam, water, and other materials. The 
last step is the polymerization of polylactide and conversion into PLA pellets with 
the use of electricity, fossil fuels, water, and other materials.

Lactic acid can be produced from chemical or biotechnological methods. 
Chemical synthesis is based on the hydrolysis of lactonitrile by strong acids, or by 
base- catalyzed degradation of sugars, oxidation of propylene glycol, or by chemi-
cal reactions of acetaldehyde, carbon monoxide, and water at elevated temperatures 
(Mussatto et al. 2008).

Energy Air pollution

Water pollution

Waste generation

GHG emissions

Raw materials

Water

Fossil fuels

Other Other

1. Corn
2. Dextrose

3. Lactic acid
4. Lactide

5. Polylactide

Figure 3.5  “Cradle- to- gate” process of producing Ingeo PLA plastic pellet.
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Most of lactic acid is produced from biochemical processes and polymerized to 
PLA. PLA is usually produced from lactic acid through fermentation of the sugars 
in corn (Natureworks 2013). PLA can also be produced from sugars from other 
carbohydrate sources, including organic waste. l- Lactic acid was produced from 
spent grain by controlling the pH and other process parameters (Shindo and 
Tachibana  2004). Researchers in Japan successfully produced lactic acid from 
spent grains with immobilized lactic acid bacterium (Lactobacillus). They were 
able to produce 60 g of sugar (glucose, xylose, and arabinose) from 210 g of spent 
grains (79% water), which was converted to lactic acid after five days.

The air and water emissions, waste generations, and pollution can be calculated 
based on the software developed with Plastics Europe and a series of published 
EcoProfiles for traditional petroleum- based polymers. The same methodology, 
software, and core databases developed an EcoProfile for Ingeo. All calculations 
followed ISO 14040 and 14044 requirements (Vink et al. 2010).

The assumptions in the LCA analysis are as follows:
Assumptions

 ● One kilogram of Ingeo.
 ● Cradle- to- gate analysis was used.
 ● End- of- life options, conversion to plastic products, product use, and transporta-

tion to retail outlets are not considered.
 ● Boustead 5.0  methodology and software were used to calculate the LCI and 

LCA of PLA (Boustead Model 5.0 2013).
 ● All LCI and LCA calculations based on ISO 14040 and 14044.

The LCA considers environmental impacts of the energy, materials, processes, 
and end- of- life. For appropriate comparisons with other LCA studies, we will con-
sider only the environmental effects of the process of each material. The 
environmental categories considered are:

 ● GHG emissions
 ● Energy usage
 ● Waste generation
 ● Water usage

Table 3.2 provides the environmental impacts of producing 1 kg of Ingeo PLA.
Additional LCAs will be calculated for PLA in Chapter 7. The LCA of plastic 

products can be used based on the information in Table 3.2 to calculate the cradle- 
to- grave LCA of plastic products made with Ingeo plastic.

3.7.1 LCA Sensitivity Analysis

The analysis has limitations for cradle to gate and not cradle to grave. One limitation 
is that the energy usage is for one year and not the averages of three to five years.
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3.8  Summary

LCA is a methodology to assess the environmental impacts of a product, process, 
or service. ISO 14040 and 14044 are international standards for developing LCA, 
which has four steps that include definition of goal or scope, inventory of relevant 
material and energy inputs and relevant environmental outputs, evaluation of 
environmental impacts per functional unit, and interpretation of results. “Cradle- 
to- gate” LCA calculates the environmental impacts of products, processes, or sys-
tems based on energy, material, transportation, and other inputs. “Cradle- to- gate” 
LCA is one where the materials and energy required to produce a product from 
raw materials to final product are used in the LCA calculations. Likewise, the 
“cradle- to- gate” LCA will provide environmental emissions, waste generation, 
and pollution generated during the production of a product from raw materials to 
final product. “Cradle- to- grave” LCA includes all of “cradle- to- gate” calculations, 
but also includes product use and end- of- life areas of the life cycle.

LCA for four plastics demonstrates that PP and HDPE produces lower GHG 
emissions per kilogram of resin and solid waste per kilogram of resin than PET 
and GPPS.

Chapter 3

LCI for PLA
 ● LCI results for 1 kg of plastic for cradle- to- gate analysis was used.

 – End- of- life options, conversion to plastic products, product use, and transpor-
tation to retail outlets are not considered.

 – Boustead 5.0 methodology and software was used to calculate the LCI and 
LCA of PLA (Boustead 5.0 2013).

 – All LCI and LCA calculations based on 1SO 14040 and 14044.

Table 3.2  Environmental impacts to produce 1 kg of Ingeo PLA.

Environmental impact Ingeo

Mass (kg) 1

Density 1.22

Energy consumed (GJ) 0.06784

Carbon footprint (kg CO2eq) 1.24

Solid waste generated (kg) 0.266968

Water consumed (l) 48.787674

Eutrophication, water (gPO4eq) 0.0000316
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 ● Lowest energy consumed
 – PLA

 ● Lowest carbon footprint
 – PLA

 ● Lowest solid waste generation
 – PLA

Environmental impact PET GPPS PLA PHA

Mass (kg) 1 1 1 TBD

Specific gravity 1.37 1.06 1.22

Energy consumed (GJ) 0.0704 0.0952 0.06784

Carbon footprint (kg CO2eq) 2.733 3.242 1.24

Solid waste generated (kg) 0.141 0.110 0.266968

LCI for PLA
 ● LCI results for 1 kg of plastic for cradle- to- gate analysis was used.

 – End- of- life options, conversion to plastic products, product use, and transpor-
tation to retail outlets are not considered.

 – Boustead 5.0 methodology and software was used to calculate the LCI and 
LCA of PLA (Boustead 5.0 2013).

 – All LCI and LCA calculations based on ISO 14040 and 14044.
 ● Lowest energy consumed

 – PLA
 ● Lowest carbon footprint

 – PLA
 ● Lowest solid waste generation

 – PLA

Environmental impact PET GPPS PLA PHA

Mass (kg) 1 1 1 TBD

Specific gravity 1.37 1.06 1.22

Energy consumed (GJ) 0.0704 0.0952 0.06784

Carbon footprint (kg CO2eq) 2.733 3.242 1.24

Solid waste generated (kg) 0.141 0.110 0.266968

LCI for PLA
 ● LCI results for 1 kg of plastic for cradle- to- gate analysis was used.

 – End- of- life options, conversion to plastic products, product use, and transpor-
tation to retail outlets are not considered.
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 – Boustead 5.0 methodology and software was used to calculate the LCI and 
LCA of PLA (Boustead 5.0 2013).

 – All LCI and LCA calculations based on ISO 14040 and 14044.
 ● Lowest energy consumed

 – PLA
 ● Lowest carbon footprint

 – PLA
 ● Lowest solid waste generation

 – PLA

Environmental impact PET GPPS PLA PHA

Mass (kg) 1 1 1 TBD

Specific gravity 1.37 1.06 1.22

Energy consumed (GJ) 0.0704 0.0952 0.06784

Carbon footprint (kg CO2eq) 2.733 3.242 1.24

Solid waste generated (kg) 0.141 0.110 0.266968
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The chapter will discuss the bio- based and biodegradable plastics and reasons for 
the classification. The plastics will include polylactic acid (PLA), polyhydroxyal-
kanoate (PHA), polybutylene succinate (PBS), Ecoflex or polybutylene adipate 
terephthalate (PBAT), thermoplastic starch (TPS), and other bio- based plastics. 
The discussion will include manufacturing processing to make the plastic pellet, 
mechanical and thermal properties, shrinkage, and typical automotive  applications 
with these bio- based plastics.

4.1  Bio- Based Plastics Definition

Bio- based and biodegradable polymers have two different meanings. Bio- based 
products were defined in the 2002 Farm Bill as commercial or industrial products 
that are composed in whole, or in significant part, of biological products, renew-
able agricultural materials, or forestry materials. The definition was expanded 
with the 2008 Farm Bill that incorporated bio- based intermediate ingredients or 
feedstock. The U.S. Department of Agriculture (USDA) says bio- based products 
must contain at least 99% materials from organic sources (Bio- based 2018).

Bio- based and biodegradable polymers have two different meanings. 
Biodegradable polymers are converted to biomass, carbon dioxide (CO2), and 
water through a thermochemical process in a specified time frame and in a speci-
fied disposal environment. Bio- based and biodegradable plastics are more fully 
explained in a Sustainable Plastics book (Greene 2014). Biodegradable polymers 
are those in which the carbon in the polymer:

 ● Is converted into gases
 ● Over a specified time frame

4

Bio- Based and Biodegradable Plastics
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 ● In a specified environment:
 – Compost (“compostable” if meets American Society of Testing and Materials 

(ASTM) D6400 standards)
 – Marine (ASTM D7081 biodegradation standards)
 – Landfill
 – Soil
 – Anaerobic digester

Bio- based polymers are those made from:

 ● Natural or organic ingredients, such as starch from corn, potato, tapioca, rice, or 
wheat, and

 ● Oils, such as palm seed, linseed, soy bean, etc., or fermentation products, like 
PLA, PHA, and polyhydroxybutyrate (PHB).

BPI World provides a listing of compostable plastic resins, bags, cutlery, and 
packaging (BPI World 2018). BPI also certifies the testing for industrial compost 
per ASTM D6400 and provides a listing of products that pass the D6400 standard.

4.2  Bagasse

Bagasse is sugarcane- based polymer that can be made into paper- like products for 
packaging, disposable tableware, and containers. Sugarcane can generate 280 kg 
of bagasse fiber from 1 ton of sugarcane. The composition of bagasse is as follows:

 ● Cellulose: 42%
 ● Hemicellulose: 25%
 ● Lignin: 20%
 ● Ash: 1.64%
 ● Extractives (water + ethanol): 8.38%
 ● Other: 3.98%

The chemistry of bagasse is made from mostly cellulose. Cellulose has glucose 
groups in its linear crystalline structure. Hemicellulose has a branched amor-

phous structure and can contain many sugar groups 
including xylose, glucose, and galactose. The molecu-
lar structure of lignin has aromatic rings and consists 
of various substructures that appear to repeat in a ran-
dom pattern. The chemical structure of cellulose is 
(C6H10O5)n, as shown in Figure 4.1.

Bagasse is converted into a paper product with a mod-
ified paper- pulping process, as shown in Figure  4.2. 
Typically, strong acids or bases are used to remove the 
lignin from the bagasse mixture. The properties of 
bagasse- based polymers are similar to cardboard.

C
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OH OH
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Figure 4.1  Chemical 
structure of cellulose.
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The mechanical properties of bagasse are dependent in part on the aspect ratio 
of the bagasse fiber. The average diameter and length of bagasse fibers were 
measured to be 13.0 and 61.0 μm, respectively. The aspect ratio of these results 
would be 4.69, which is much less than a typical short glass fiber of approxi-
mately 100. Wood fibers have an average diameter between 0.016 and 0.030 mm 
and an average length between 1 and 3 mm resulting in an average aspect ratio 
between 60 and 100. Typically, an aspect ratio of 100 is needed to obtain struc-
tural properties of a fiber.

4.3  Polyhydroxyalkanoates (PHAs)

PHA can be made from over 100 monomers based on polyhydroxybutyrate (P3HB, 
P4HB, PHB), and polyhydroxy valerate (PHV). PHA is produced in the cells of 
bacteria from at least five different PHA biosynthetic pathways. PHA is harvested 
from the cells and made into plastic pellets. P3HBs are the most common PHA 
and are the basis of PHAs produced by Metabolix Company and Tianjin Company. 
The P3HB can be copolymerized with P4HB to produce a flexible polymer based 
on PHAs. P3HB–P4HB is the most common form of PHA. PHAs have hydroxy-
acid repeat units that are produced by bacterial fermentation with sugars or lipids 
to create linear polyesters.

PHA plastics can be made into bottles, bags, containers, and other consumable 
plastic applications. PHA is not clear but opaque for bottles and bags. PHA is 
 biodegradable under industrial composting conditions (compostable), is marine 
biodegradable, and soil biodegradable. The chemical structure of PHA is shown in 
Figure 4.3.

Figure 4.2  Bagasse fiber.
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PHA is family of several plastics that includes P3HB, P4HB, Poly hydroxy 
butyrate Valerate (PHBV), and others. P3HB and P4HB are the most common form 
of PHA and the chemical basis of commercially available PHAs. New PHA can be 
made into Poly hydroxy butyrate Hexanate (PHBH) with a hexanate, poly- 3- 
hydroxybutyrate- co- 3hydroxyhexanoate, as shown in Figure 4.4.

PHAs can be made from over 100 monomers based on P3HB, P4HB, PHB, and 
PHV. PHA is produced in the cells of bacteria from at least five different PHA 
biosynthetic pathways as shown in Figure 4.5. PHA is harvested from the cells and 
made into plastic pellets. P3HBs are the most common PHA and are the basis of 
several PHAs. The P3HB can be copolymerized with P4HB to produce a flexible 
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Figure 4.4  Chemical structure of PHBH.
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polymer based on PHAs. PHAs have hydroxyacid repeat units that are produced 
by bacterial fermentation with sugars or lipids to create linear polyesters.

PHAs are polyesters produced in nature by numerous microorganisms, includ-
ing through bacterial fermentation of sugars or lipids (PHA Wikipedia 2020).

When produced by bacteria they serve as both a source of energy and as a carbon 
store. More than 150 different monomers can be combined within this family to 
give materials with extremely different properties (Ibid). These plastics are biode-
gradable and are used in the production of bioplastics. They can be either thermo-
plastic or elastomeric materials, with melting points ranging from 40 to 180 °C. The 
mechanical properties and biocompatibility of PHA can also be changed by blend-
ing, modifying the surface, or combining PHA with other polymers, enzymes, and 
inorganic materials, making it possible for a wider range of applications (Ibid).

To produce PHA, a culture of a microorganism such as Cupriavidus necator is 
placed in a suitable medium and fed with appropriate nutrients so that it multi-
plies rapidly. Once the population has reached a substantial level, the nutrient 
composition is changed to force the microorganism to synthesize PHA. The yield 
of PHA obtained from the intracellular granule inclusions can be as high as 80% 
of the organism’s dry weight (Ibid).

The biosynthesis of PHA is usually caused by certain deficiency conditions (e.g. 
lack of macro elements such as phosphorus, nitrogen, trace elements, or lack of 
oxygen) and the excess supply of carbon sources (Ibid).

Polyesters are deposited in the form of highly refractive granules in the cells. 
Depending upon the microorganism and the cultivation conditions, homo-  or copol-
yesters with different hydroxyalkanoic acids are generated. PHA granules are then 
recovered by disrupting the cells. Recombinant Bacillus subtilis str. pBE2C1 and 
B. subtilis str. pBE2C1AB were used in production of PHAs and it was shown that 
they could use malt waste as carbon source for lower cost of PHA production (Ibid).

PHA synthases are the key enzymes of PHA biosynthesis. They use the 
coenzyme- A- thioester of (r)- hydroxy fatty acids as substrates (Ibid). The two 
classes of PHA synthases differ in the specific use of hydroxy fatty acids of short-  
or medium- chain length.

The resulting PHA is of the two types:

1) Poly hydroxyalkanoates Short-chain length (PHA SCL) from hydroxy fatty acids 
with short- chain lengths including three to five carbon atoms are synthesized by 
numerous bacteria, including C. necator and Alcaligenes latus (PHB) (Ibid).

2) Poly hydroxyalkanoates Medium-chain length (PHA MCL) from hydroxy fatty 
acids with medium chain lengths including 6–14 carbon atoms can be made, 
for example, by Pseudomonas putida (Ibid).

A few bacteria, including Aeromonas hydrophila and Thiococcus pfennigii, syn-
thesize copolyester from the above two types of hydroxy fatty acids, or at least 
possess enzymes that are capable, or part, of this synthesis (Ibid).
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Another even larger- scale synthesis can be done with the help of soil organisms. 
Even with lack of nitrogen, it can produce 1 kg of PHA/3 kg of sugar.

The simplest and most commonly occurring form of PHA is the fermentative 
production of poly- beta- hydroxybutyrate P3HB, which consists of 1000–30 000 
hydroxy fatty acid monomers.

Researchers have tried for decades to reduce plastic pollution in the oceans and 
in the landfills by creating plastics made from plants. A new approach being taken 
is the development of an efficient production process for PHA with a process from 
waste methane gas.

Scientists at Stanford University and a Palo Alto, California, based start- up com-
pany called Mango Materials have come up with a new way to make PHA from 
waste methane gas. And, with funding from the National Science Foundation 
(NSF), Mango Materials is advancing the process toward commercialization (PHA 
from waste methane 2020).

Traditionally, microorganisms feed on plant- derived sugars, from usually corn- 
based products, and produce PHA. The PHA is then separated from the bacteria 
and made into pellets that can be molded into plastic products. This approach 
requires the use of agricultural land and other inputs to produce feedstock, and it 
competes with the food supply.

Mango Materials developed a new process that uses bacteria grown in ferment-
ers to transform methane and oxygen, along with added nutrients (to supply 
excess carbon), into PHA (Mango PHA 2020). Eventually, the PHA- rich bacteria – 
now literally swollen with PHA granules – are removed from the fermenters, and 
the valuable polymer is separated via proprietary techniques from the rest of the 
cell mass. The PHA is then rinsed, cleaned, and dried as needed.

This unique approach addresses challenges that have derailed previous attempts 
at PHA commercialization. Other research projects produced PHA from waste 
methane (Wang et al. 2015; Fergala et al. 2018).

PHAs are natural biodegradable polymers (biopolymers) showing properties 
similar to those of commonly produced petroleum- based nondegradable poly-
mers. The utilization of cheap substrates for the microbial production of PHAs is 
crucial to lower production costs. Feedstock not competing with human nutrition 
is highly favorable. Syngas, a mixture of carbon monoxide, carbon dioxide, and 
hydrogen, can be obtained by pyrolysis of organic waste and can be utilized for 
PHA synthesis by several kinds of bacteria. Up to now, the biosynthesis of PHAs 
from syngas has been limited to short- chain- length PHAs, which results in a stiff 
and brittle material. In this study, the syngas- utilizing bacterium Rhodospirillum 
rubrum was genetically modified to synthesize a polymer that consisted of 
medium- chain- length constituents, resulting in a rubber- like material. This study 
reports the establishment of a microbial synthesis of these so- called medium- 
chain- length PHAs from syngas and therefore potentially extends the applications 
of syngas- derived PHAs (Helnrich et al. 2016).
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The mechanical properties of P(3HB–4HB) and PHBV are similar to polypro-
pylene as shown in Table 4.1. Mirel PHA was from the company Metabolix that 
went out of business in 2016. The results in the table are from the work that was 
done at Chico State University from 2015 to 2016. PP refers to polypropylene and 
HDPE refers to high density polyethylene.

PHA plastics can be molded via injection molding, extrusion, thermoforming, 
and blow molding thermoplastic processes. Typical injection molding parameters 
for P(3HB–4HB) are shown in Table 4.2. Mirel P(3HB–4HB) can be extruded into 
sheets with single- screw extruders and compounded with additives in a twin- 
screw extruder.

Table 4.1  Mechanical properties of Mirel PHA, PP, and HDPE.

Property Mirel PHA 1004 PP HDPE

Specific gravity 1.3 0.91 0.95–0.98

Yield strength (MPa) 24 33 21–35

Elongation at break (%) 7 14 3–2000

Flexural modulus (GPa) 1.3 1.34 0.28–1.8

Heat distortion temperature (°C) (66 psi) 123 101 47–93

Source: Mirel PHA (2020).

Table 4.2  Injection molding conditions for Mirel PHA.

Zone Value

Feed section 175 °C

Compression section 170 °C

Metering section 170 °C

Nozzle 165 °C

Injection speed 25 mm/s

Injection time 1.25 s

Injection pressure 7200 kPa

Hold time 10.0 s

Hold pressure 4000 kPa

Screw speed 55 rpm

Back pressure 500 kPa

Cooling time 10.0 s

Mold temperature 60 °C

Source: Greene PHA conditions (2016).
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Mirel P(3HB- 4HB) can be extruded into sheets with single- screw extruders 
and compounded with additives in a twin- screw extruder as shown in 
Tables 4.3–4.5.

4.4  Polylactic Acid (PLA)

PLA, which is manufactured and supplied by NatureWorks LLC, is a very impor-
tant bio- based polymer. NatureWorks LLC applies its proprietary technology to 
process natural plant sugars into a family of polylactide biopolymers, which are 
marketed under the Ingeo™ brand name (PLA 2020). Ingeo™ biopolymers are 

Table 4.4  Extrusion molding conditions for Mirel PHA in a 
single- screw extruder.

Zone Value

Rear 180 °C

Middle 175 °C

Front 170 °C

Nozzle 160 °C

Screw speed 100 rpm

Length/Diameter (L/D) ratio 24 : 1

Screw type Low shear

Source: Greene PHA conditions (2016).

Table 4.3  Extrusion molding conditions for Mirel PHA in a 
twin- screw extruder.

Zone Value

Rear 190 °C

Middle 180 °C

Front 170 °C

Nozzle 160 °C

Screw speed 60 rpm

Side stuffer speed 30 rpm

Water bath temperature 40 °C

Source: Greene PHA conditions (2016).
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used for rigid packaging, food service ware, films and cards, fibers and nonwoven 
applications, and durables. NatureWorks LLC has a 150 000 metric ton manufac-
turing capacity in Blair, Nebraska, and is exploring building a second polymer 
plant in South East Asia. NatureWorks is the largest producer of biodegradable 
plastic in the world. The process to make PLA is shown in Figure 4.6.

NatureWorks provides a corn- based bio- based and biodegradable plastic, PLA, 
that has a lower carbon footprint than traditional petroleum- based polymers and 
is biodegradable and compostable in commercial compost. PLA is sustainable 
since it has lower carbon footprint and lower waste than commercial plastics.

Table 4.5  Extrusion molding conditions for Mirel PHA 
in an extrusion blow molder.

Zone Value

Rear 180 °C

Middle 175 °C

Front 170 °C

Nozzle 160 °C

Screw speed 100 rpm

L/D ratio 24 : 1

Screw type Low shear

Source: Greene PHA conditions (2016).

Sugar Fermentation

Lactic acid

Monomer production

Lactide

Polymer production

PLA
Polymer

conversion

Ingeo fibers

Figure 4.6  Production of PLA. Source: PLA (2020).
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The chemistry of polylactide (C3H4O2)n is similar to organic- based polyesters 
and is shown in Figure 4.7.

Polylactide can occur in two forms, l and d. Poly- l- lactide is the most common 
form of PLA and is biodegradable while exposed to industrial composting condi-
tions. PLA is created in the United States from corn. The corn starch is converted 
to glucose and then to lactic acid through bacterial fermentation. The lactic acid is 
fermented to lactide that is polymerized through a ring- opening process. The pro-
duction of PLA is carried out in four steps:

1) Pretreatment of the carbohydrate to release sugars.
2) Fermentation of sugars to lactic acid.
3) Conversion of lactic acid lactide.
4) Polymerization of lactide to PLA.

Polylactides are polyesters and are similar to polycarbonate and PET, which also 
are polyesters. Polyesters have the C═O─CH linkages. The plastics with similar 
polyester linkages are PLA, PC, and PET. All three plastics have similar properties 
of high strength, clear plastic, low moisture absorption, and good impact strength.

The mechanical properties of PLA are similar to PET as shown in Table 4.6 (Ibid).
The injection molding processing conditions are shown in Table 4.7. Note the 

plastic must be dried for four hours at 75 °C.

Table 4.6  Mechanical properties of injection grade PLA.

Description Indego 3801X PET

Specific gravity 1.25 1.41

Tensile modulus (GPa) 2.98 2–2.7

Tensile yield strength (MPa) 25.9 14–33

Elongation at break (%) 8.1 10–775

Flexural modulus (GPa) 2.85 0.5–1.8

Heat distortion temperature (°C) (66 psi) 65 85–134

Source: Greene PHA conditions (2016).
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Figure 4.7  Chemistry of PLA.
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The extrusion processing conditions are shown in Table 4.8.
The blow molding processing conditions are shown in Table 4.9.

4.5  Thermoplastic Starch (TPS)

Starch- based polymers can be produced from potato, corn, wheat, cassava, tapioca, 
vegetable oils, and other renewable sources. In the United States and Europe, corn 
starch is the predominate source for starch- based polymers. Corn starch is mostly 
used for animal feed. Starch- based polymers can be processed on  traditional ther-
moplastic forming operations of injection molding, extrusion, blow molding, 

Table 4.7  Injection molding processing conditions.

Zone Value

Feed section 177 °C

Compression section 188 °C

Metering section 188 °C

Nozzle 188 °C

Injection pressure 7200 kPa

Hold pressure 4000 kPa

Screw speed 125 rpm

Back pressure 1700 kPa

Mold temperature 85–105 °C

Source: Greene PHA conditions (2016).

Table 4.8  Extrusion molding processing conditions.

Zone Temperature

Rear (°C) 160–175

Center (°C) 168–185

Front (°C) 168–185

Die (°C) 170–185

Chill roll top (°C) 21

Chill roll middle (°C) 49

Chill roll bottom (°C) 57

Source: Greene PHA conditions (2016).
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compression molding, rotational molding, etc. The most common plasticizers for 
starch are water, glycerol, and Ecoflex biodegradable plastic. TPS is not considered 
bio- based since it does not meet the ASTM requirement of 99% made from renew-
able resources. TPS is compostable since it meets ASTM D6400 standards.

TPS can be added to PP, HDPE, and other plastics for some environmental 
benefits.

However when TPS is added to plastics, the problems that arise are:

 ● The compound is not recyclable with the Polyethylene terephthalate (PET) of 
HDPE recycling operations.

 ● The compound is not compostable since it will not biodegrade with industrial 
operations.

 ● The TPS compound should be disposed off in a landfill.

TPS can be added to bioplastics and biodegradable plastics. Starch, though, can 
be blended with aliphatic polyesters, like polycaprolactam (PCL), polylactide or 
poly lactic acid (PLA), PHA, or polyesteramide. The composition of TPS is starch, 
aliphatic polyester, glycerol, and water. Linear aliphatic polyesters that are com-
postable are added to starch to create compostable plastics for film, sheet, plastic 
bags, and liners. Starch, though, can be blended with aliphatic polyesters, like 
polycaprolactam (PCL), polylactide (PLA), PHA, or polyesteramide.

The chemistry of starch involves blends of two molecular structures of amylose 
and amylopectin, as shown in Figure  4.8. Amylose and amylopectin have very 
similar monomer repeating unit. Amylopectin is highly branched molecule that 
dissolves very quickly in enzymes due to the multiple end points. Amylose is a 
linear molecule with very little branching and very limited end points. High- 
amylose starch can be produced with grades of up to 90% amylose.

Table 4.9  Blow molding processing conditions.

Description Indego 3801X

Specific gravity (g/cc) 1.24

Crystalline melt temperature (°C) 145–155

Glass transition temperature (°C) 52–58

Crystalline temperature (°C) 100–120

Transmission rates, Oxygen 550 cc- mil/m2/24- h atm

Transmission rates, CO2 3000 cc- mil/m2/24- h atm

Water vapor 325 cc- mil/m2/24- h atm

Clarity Transparent

Source: Greene PHA conditions (2016).
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TPS is manufactured with corn starch. Corn starch can be produced with a six- 
step process (International Starch Organization 2013). The steps include:

 ● Steeping: Cleaned corn is placed into steeping tanks where the corn is soaked in 
hot water for 30–48 hours. The kernel swells to twice its original size with mois-
ture content between 15 and 45%.

 ● Steep water evaporation: Steep water containing approximately 10% solids is drained 
from the kernels and condensed with a multistep condenser. The steep water is con-
densed to a solid product and then used commercially in the fermentation industry.

 ● SO2 addition: SO2 can be added to the process to produce SO2 that improves 
fermentation and reduces destructive molds, yeast, and fungi.

 ● Germ separation: Softened kernels are broken up with attrition mills to loosen 
the hulls and break bonds between the germ and endosperm.

 ● Germ drying: Surface water is removed with the use of a tapered screw press 
and then dried in a rotary steam bundle dryer. The moisture level is reduced to 
approximately 4%.

 ● Storage in germ silo: The germ is transported to a germ silo.

TPS is produced in a twin- screw extruder and then cut into resin pellets. 
Novamont Mater- Bi® grades of TPS are compostable. Blends of starch and polyeth-
ylene films are not compostable, however, due to the polyethylene plastic.

TPS has the following when compared to Low Density Polyethylene (LDPE) 
plastic:

 ● Higher melt flow
 ● Higher specific gravity (density)
 ● Higher tensile modulus
 ● Higher tensile strength
 ● Lower elongation

The mechanical properties of TPS are given in Table 4.10. TPS starch can be 
blended with PLA for improved properties. The addition of PLA increased the 
ductile properties of the PLA but it caused a phase separation due to the lack of 
strong interactions between the PLA and TPS. The glass transition temperature, 
Tg, was also reduced about 10% (Ferri et al. 2016).
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Figure 4.8  Chemical structure of amylose and amylopectin.
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4.6  Petroleum- Based Compostable Polymers

Compostable polymers or plastics can be made from petroleum sources as well. 
These can include:

 ● Ecoflex- film
 ● Ecovio- film
 ● Polycaprolactone (PCL)- injection molded parts

All are biodegradable with industrial composting at:

 ● 58 °C
 ● 50% moisture
 ● Mature soil
 ● 90% of carbon in plastic

The plastic is converted to carbon dioxide in 180 days.

4.6.1 Ecoflex

Ecoflex is an aromatic–aliphatic copolyester that is produced from petroleum- 
based products, e.g. terephthalic acid, adipic acid, and 1.4- butanediol. The com-
postable plastic is an excellent biodegradable material for blown film and sheet 
products, e.g. grocery bags, lawn and leaf bags, agricultural mulch films, etc. It 
can be blended with other compostable plastics like PLA, PHA, and TPS. Ecoflex 
is produced by BASF since 1998 (Ecoflex; https://plastics- rubber.basf.com/global/
en/performance_polymers/products/ecoflex.html).

The chemical structure of Ecoflex® is a polyester type and shown in Figure 4.9.

Table 4.10  Mechanical properties of Novamont TPS and LDPE plastic films.

Description Mater- Bi AB05H TPS LDPE film

Melt flow index (g) (10 min) 3 at 190 °C and 2.16 kg 0.1–22 at 190 °C and 2.16 kg

Specific gravity 1.28 0.92–0.95

Tensile modulus (MPa) 1103.2 100–200

Tensile strength (break) (MPa) 18.409 8–10

Tensile elongation (break) (%) 160 150–600

Source: TPS Properties (2020).

https://plastics-rubber.basf.com/global/en/performance_polymers/products/ecoflex.html
https://plastics-rubber.basf.com/global/en/performance_polymers/products/ecoflex.html
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Ecoflex processes in blown film extruders like LDPE.
Ecovio is a new biodegradable plastic film that is a combination of Ecoflex and 

PLA (Ecovio; https://plastics- rubber.basf.com/global/en/performance_polymers/
products/ecovio.html). The main uses for Ecovio® are plastic films such as organic 
waste bags, fruit and vegetable bags, carrier bags with dual- use bags that can be 
used as a trash can liner, or agricultural films. Ecovio can be used for paper- 
coating, shrink, and cling films, as well as injection molding and thermoformed 
products. Ecovio adds bio- based component to Ecoflex. Ecovio can add film- type 
applications to PLA.

The mechanical properties of Ecoflex when compared to LDPE film include the 
following:

 ● Higher melt flow
 ● Higher specific gravity (density)
 ● Similar melting temperature
 ● Lower tensile modulus
 ● Higher tensile strength
 ● Higher impact strength
 ● Higher elongation

Ecoflex and Ecovio can be processed on conventional thermoplastic extrusion, 
injection molding, and blown film equipment.

4.6.2 Poly- ϵ- Caprolactone, (PCL)

Poly- ϵ- caprolactone (PCL) is an aliphatic polyester produced from petroleum 
products. PCL is compatible with human tissues and an excellent additive for 
starch polymers. PCL is used by Novamont with the Mater- Bi biodegradable plas-
tic. PCL can be used for adhesives, compatibilizers, plasticizers, and films for the 
packaging and for the biomedical industries.

Polycaprolactone (PCL) is a biodegradable polyester with a low melting point of 
around 60 °C and a glass transition temperature of about −60 °C. Polycaprolactones 
impart good resistance to water, oil, solvent, and chlorine. It can be blended with 
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Figure 4.9  Chemical structure of Ecoflex.

https://plastics-rubber.basf.com/global/en/performance_polymers/products/ecovio.html
https://plastics-rubber.basf.com/global/en/performance_polymers/products/ecovio.html
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polyurethane and be used with 3- D printer polymers. It 
can be used in biomedical applications, especially for 
long- term implants and controlled drug release applica-
tions (https://en.wikipedia.org/wiki/Polycaprolactone).

The chemistry of polycaprolactone is produced from 
ring- opening polymerization of ϵ- caprolactone, as 
shown in Figure 4.10.

The mechanical properties of PCL when compared to LDPE film include the 
following:

 ● Higher density
 ● Similar elongation
 ● Higher tensile strength
 ● Higher tensile modulus

The mechanical properties of PCL are provided in Table 4.11.

4.6.3 Poly(Butylene Succinate) (PBS)

PBS is an aliphatic polyester produced from petroleum products. PBS can be used 
to produce biodegradable sheets, film, bottles, and molded products. PBS can be 
blended with PLA, PHA, and TPS.

(CH2)5O C
n

O

Figure 4.10  Chemical 
structure of PCL.

Table 4.11  Mechanical properties of PCL.

Specimens subjected 
in vacuum

Elastic 
modulus (MPa)

Yield stress 
(MPa)

Tensile 
strength (MPa)

Elongation at 
break (%)

PCL 238.8 ± 12.5 13.7 ± 0.3 19.5 ± 1.5 >413.35

PCL 15 days 185.3 ± 16.3 10.7 ± 0.6 22.5 ± 1.1 464.0 ± 91.0

PCL 30 days 228.6 ± 9.2 13.4 ± 0.4 17.8 ± 0.7 364.3 ± 22.2

PCL 45 days 211.0 ± 4.8 12.5 ± 0.4 22.7 ± 1.5 507.8 ± 86.2

PCL/MMT 227.5 ± 16.1 13.4 ± 0.6 22.8 ± 0.9 >563.19

PCL/MMT 15 days 218.1 ± 3.3 13.7 ± 1.0 19.5 ± 1.1 321.9 ± 53.4

PCL/MMT 30 days 243.4 ± 21.5 14.8 ± 0.9 19.8 ± 1.2 328.4 ± 97.4

PCL/MMT 45 days 233.6 ± 14.8 14.3 ± 0.6 19.7 ± 0.7 256.9 ± 56.9

PCL/OMMT 217.4 ± 23.9 13.7 ± 1.2 22.7 ± 1.1 >359.5

PCL/OMMT 15 days 252.9 ± 19.8 14.5 ± 0.5 19.9 ± 0.9 234.8 ± 106.7

PCL/OMMT 30 days 297.2 ± 19.0 17.0 ± 0.8 21.3 ± 1.1 191.4 ± 76.2

PCL/OMMT 45 days 268.0 ± 17.5 15.5 ± 0.7 20.0 ± 0.7 255.9 ± 84.7

Source: Poly Caprolactam/montmorillonite (PCL/MMT); Poly Caprolactam/oriented 
montmorillonite (PCL/OMMT) Franca et al. (2016).

https://en.wikipedia.org/wiki/Polycaprolactone
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The chemistry of PBS can be produced from a poly condensation reaction of 
succinic acid and butanediol in the presence of catalysts. The mechanical proper-
ties, as listed in Table 4.12, when compared to LDPE film, include the following:

 ● Similar melting temperature
 ● Higher density
 ● Higher elongation
 ● Higher tensile strength
 ● Lower impact strength

Bionelle PBS had higher density than PP or LDPE. It, though, has similar tensile 
strength and elongation. It also has higher impact strength, but lower crystallinity.

The chemical structure of PBS is shown in Figure 4.11.
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As defined in Chapter 1, sustainable plastics are those plastics made with lower 
energy, lower carbon footprint, lower waste, and lower pollution than conven-
tional plastics. Plastics that are made from plants and bio- based sources or from 
recycled plastics can be considered sustainable plastics.

5.1  Bio- Based Conventional Plastics

Several conventional plastics can be produced from organic sources. Bio- based 
polyethylene and bio- based polyethylene terephthalate (PET) resins are 
 currently available. Other plastics can be produced with bio- based sources. 
Currently, bioplastics represent approximately 1% of the about 360 million tons 
of plastic produced worldwide annually. But, this should increase due to 
increased demand for more sophisticated biopolymers from a growing market 
(European Bioplastics 2021). According to the European Bioplastic Council, the 
total bioplastics production capacity is set to increase from around 2.11 million 
tons in 2019 to approximately 2.43 million tons in 2024. Figure 5.1 shows the 
expected growth for bioplastics in the next three years. Both bio- based non- 
biodegradable plastics and bio- based biodegradable plastics should grow in the 
next several years.

Figure 5.1 lists all of the bio- based plastic that can include the following:

 ● Bioplastics that are based on renewable resources that are biodegradable, like 
starch, polylactide (PLA), polyhydroxyalkanoate (PHA), polyhydroxybutyrate 
(PHB), cellulose polymers, proteins, lignin, etc.

 ● Bioplastics that are based on petroleum resources and are biodegradable, like 
polycaprolactone (PCL), Ecoflex, polybutylene adipate terephthalate (PBAT), 
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polybutylene succinate (PBS), polybutylene adipate (PBA), polyvinyl alcohol 
(PVOH), etc.

 ● Bioplastics that are based on renewable resources and are not biodegradable, 
like polyethylene, polypropylene (PP), PET, polybutylene terephthalate (PBT), 
nylon, polyurethane, polyvinyl chloride (PVC), polyester, epoxy, etc.

The list should be expanding in the future. This chapter will consider the bio-
plastics in the third area.

Table 5.1 lists the bio- based plastics that are commercially available.
In particular, the global production capacities of bio- based non- biodegradable 

plastics account for about 45% of the total, while bio- based biodegradable plastics 
account for about 55% of the total, as reported in Figure 5.2, by material type.
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Figure 5.1  Bio-based non-biodegradable plastics and Bio-based biodegradable plastics 
production from 2018 to 2024  in tonnes of plastics produced. Source: European 
Bioplastics (2021).

Table 5.1  Bio- based conventional plastics.

Material Type Resin supplier Products

Bio- based 
polyethylene

Polyethylene Braskem, 
DOW 
Chemical

Blown film, sheet, bottles, 
packaging products, fibers, etc.

Bio- based PET Polyethylene 
terephthalate

Many Bottles, containers, packaging 
products, fibers, etc.

Bio- based 
polypropylene

Polypropylene Braskem Blown film, sheet, bottles, 
packaging products, fibers, etc.
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Packaging is the largest area of use for bioplastics as shown in Figure 5.3. This is 
for both flexible and rigid packaging. This accounts for over 50% of 1.14 million 
tons of bio- based plastic production (in 2019), followed by textile, consumer goods, 
agriculture and horticulture, automotive and transport goods, coatings and adhe-
sives, building and construction, electrics and electronics, and others like toys 
(European Bioplastics 2021). The percentage distribution is reported in Figure 5.3.
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Figure 5.2  Percentage of global bio- based plastics production by type. Source: 
European Bioplastics (2021).
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Figure 5.3  Market segments for bio- based plastics.
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5.1.1 Bio- Based Polyethylene

Bio- based polyethylene is currently available from Braskem and DOW Chemical 
Company. Bio- based polyethylene can be made from sugarcane or other agricul-
tural materials. DOW Chemical partnered with UPM Biofuels to commercialize 
the bio- polyethylene in 2019 (DOW and UPM 2020). DOW hopes to produce plas-
tic packaging from the bio- polyethylene. The process will significantly reduce CO2 
emissions by carbon sequestration. The plastic packaging can be fully recyclable 
as well through commercial recycling operations.

5.1.1.1 Composition
The composition of bio- based polyethylene is the same as conventional polyethyl-
ene. Typically, polyethylene is produced from natural gas or petroleum products, 
for example, naphtha. Bio- based polyethylene is produced from bio- based ethanol 
as depicted in Figure  5.1. Ethanol can be produced from natural products like 
sugarcane, corn, oats, etc.

5.1.1.2  Chemistry
Bio- based ethylene can be produced from bio- based ethanol. Ethanol can be fer-
mented from sugars found in organic sources like corn, sugarcane, potatoes, etc. 
The two common sources of bioethanol are corn in the United States and sugar-
cane in Brazil. Bioethanol is converted to ethene with an aluminum oxide catalyst. 
The ethene is polymerized to polyethylene. Figure 5.4 lists the molecular formula 
of ethanol, ethane, and polyethylene.

Figure 5.5 shows a detailed process for producing bio- polyethylene from sugar-
cane, sugar beets, starch, and lignocellulose. The process has six steps that include 
the following:

1) Cleaning, slicing, and shredding organic crops of sugarcane, sugar beet, starch, 
or lignocellulose.

2) Fermenting the sugars derived from the first step.
3) Distillation of the sugars to bioethanol (CH3CH2OH and CO2).
4) Dehydration at high temperature of the azeotropic mixture of hydrous ethanol 

and vinasse.
5) Creation of bio- polyethylene.
6) Polymerization of bio- polyethylene.

Ethanol

C C
n

Ethene Polyethylene

HO C C C C

Figure 5.4  Molecular structures of ethanol, ethane, and polyethylene.



5.1 Bio-Based  onnentional Plastics 99

5.1.1.3  Mechanical Properties
The mechanical properties of polyethylene made from sugarcane or corn are the 
same as conventional polyethylene. Polyethylene is a very versatile plastic and can 
be made into many different types of products that are injection molded, extruded 
into profile or sheet, blown into film or bottles, rotation molded into hollow parts, 
or compression molded into molded products. Braskem Company produces seven 
grades of plant- based high- density polyethylene (HDPE) and eight grades of 
plant- based low- density polyethylene (LDPE) for use in blow molding, injection 
molding, extrusion, and thermoforming applications. Table 5.2 lists some mechan-
ical properties of one grade of sugarcane- based HDPE (MatWeb  2014). Also, 
Braskem has a site describing its green initiatives, highlighting bio- based polyeth-
ylene (Braskem I’m green 2022).

The mechanical properties are similar to DOW polyethylene plastic. The 
Braskem bio- based polyethylene has similar density, but higher tensile modulus, 
tensile strength, and tensile elongation than the DOW polyethylene.

By cleaning,
slicing,
shredding, milling

By anaerobic
fermentation

By distillation

By dehydration,
high temperature,

catalyst

By polymerization

Others Bio-based
polymer (PVC,
PER, PS, PUR)• Sugra cane

• Sugar beet
• Strach crops
• Lignocellulosic

• Glucose
  (C6H12O6) as
  juice and fibers
  (bagasse)

• Bio-ethanol
  (CH3CH2OH and
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  of hydrous ethanol
  and vinasse

• Bio-ethylene
  (CH2=CH2
  and water)
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  bio-LDPE,
  bio-LLDPE)

Figure 5.5  Process for producing bio- polyethylene from sugarcane, sugar beets, starch, 
and lignocellulose. Source: Siracusa and Blanco (2020).

Table 5.2  Mechanical properties of bio- based HDPE injection molding grade plastics.

Description
Bio- based Braskem 
SHC7255 HDPE

Petroleum- based DOW 
17450N grade HDPE

Specific gravity 0.954 0.950

Melt flow index (g) (10 min) 4.5 17

Tensile modulus (MPa) 1270 593

Tensile strength (yield) (MPa) 27 18.6

Tensile elongation (break) (%) 880 660

Source: MatWeb (2021).



5 Bio- Based and Recycled Petroleum- Based Plastics100

5.1.1.4  Life Cycle Assessment for Bio- Based Polyethylene
Life cycle assessment (LCA) can be used to determine the environmental impacts 
of producing the bio- based polyethylene. The LCA will consider the energy and 
greenhouse gas (GHG) emission for producing bio- based polyethylene from the 
raw materials to the plastic pellet. The “cradle- to- factory gate” approach can be 
useful for plastic packaging, bags, and other products. The “cradle- to- factory 
gate” LCA of bio- based polyethylene and petroleum- based polyethylene is listed 
in Table 5.3 (Hunter et al. 2008). The results show that bio- based polyethylene 
has 85% less energy and 74% less carbon footprint than petroleum- based 
polyethylene.

The LCA results for bio- based polyethylene demonstrate the ability of sugar-
cane to absorb CO2 during the growing season resulting in a net reduction in 
GHGs. Additional LCA calculated including end- of- life options are presented in 
Chapter 7.

A comprehensive study on the environmental assessments of producing bio- 
based LCA was completed to include LCAs, land- use, and water consumption of 
bio- based polyethylene (Environmental Assessment 2013).

The report found that the bio- based PE polymer resin leads to a net removal of 
CO2 from the atmosphere, averaging −2.15 kg CO2eq/kg bio- based HDPE (slurry). 
The emissions from bio- based PE production (sugarcane production, ethanol 
production, Green Ethylene production, and bio- based PE production) are more 
than outweighed by the CO2 removed from the atmosphere and embodied into 
the bio- based PE resin. The petroleum- based polyethylene produced approxi-
mately 1.7 kg CO2eq/kg. The acidification potential (kg SO2 eq/kg PE) was 
approximately 0.036 vs 0.011 kg CO2eq/kg for petroleum- based PE. The eutrophi-
cation potential (kg PO4 eq/kg PE) was 0.017 vs 0.002 kg PO4eq/kg PE. The 
photochemical ozone creation was 0.0033 kg C2H4eq/kg PE. The fossil fuel energy 
demand (MJ/kg PE) was significantly less for the bio- based PE (18 MJ/kg PE) 
versus petroleum- based PE (85 MJ/kg PE). These pollution values are consistent 
with farming practices in generating SO2, PO4, and ozone. The report found that 
sufficient land is available to meet Braskem’s needs for production of bio- based 
PE. Bio- based PE was found to have good performance for water usage and abi-
otic depletion potential.

Table 5.3  LCA of bio- based and petroleum- based polyethylene per 1000 kg.

Polymer type Energy (MJ) GHG (kgCO2/kgHDPE CO2eq)

Bio- based polyethylene 10 (−85%) 2 (−74%)

Petroleum- based polyethylene 65 7.8
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5.1.2  Bio- Based Polypropylene

PP can also be produced from sugarcane and other organic plant- based materials. 
Braskem Company planned to produce PP from sugarcane in 2013 (Braskem 
Green Products  2013). Also, Borelis Company started to produce PP based on 
Neste- produced renewable feedstock in its production facilities in Kallo and 
Beringen, Belgium, in 2019 (Borelis bio- PP 2021). Borelis is projected to produce 
three million tons from renewable propane.

5.1.2.1  Composition
The composition of bio- based PP is the same as conventional PP. Typically, PP is 
produced from natural gas or petroleum products. Bio- based PP is produced from 
ethanol.

5.1.2.2  Chemistry
Bio- based PP can be produced from bio- based ethanol as depicted in Figure 5.5. 
Ethanol can be fermented from sugars found in organic sources like corn, sugar-
cane, potatoes, etc. PP can be produced by several different techniques. One 
method includes converting sugarcane to PP by fermenting the sugars in sugar-
cane to ethanol, then to butylene as an intermediate, and finally to PP through a 
metathesis reaction of butylene and ethylene. The molecular structure is shown 
in Figure 5.6.

Figure 5.7 shows a detailed process for producing bio- polyethylene from sugar-
cane, sugar beets, starch, and lignocellulose. The process has six steps that include 
the following:

1) Cleaning, slicing, and shredding organic crops of sugarcane, sugar beet, starch, 
or lignocellulose.

2) Fermenting the sugars derived from the first step.
3) Distillation of the sugars to isobutanol.
4) Dehydration at high temperature to bio- butylene.
5) Creation of bio- propylene.
6) Polymerization of bio- poly propylene.

Methanol

HO C C C C C

C C C

Butylene Propylene

n

Figure 5.6  Molecular structures of methanol, butylene, and polypropylene.
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Another method includes converting propane to PP by creating propene, which 
is polymerized to polyethylene. Figure  5.8 shows the process. Propane can be 
obtained through fracking.

Another method involves gasifying sugarcane to syngas and methanol that is 
polymerized to PP via “methanol- to- olefins” technology (Liu and Liang 1999).

5.1.2.3  Mechanical Properties
The properties of PP made from sugarcane or corn are the same as conventional 
polyethylene. PP is a very versatile plastic and can be made into many different 
types of products that are injection molded, extruded into profile or sheet, blown 
into film or bottles, rotation molded into hollow parts, or compression molded 
into molded products. The properties of petroleum- based PP are listed in Table 5.4 

Table 5.4  Mechanical properties of petroleum- based 
polypropylene injection molding grade plastics.

Description PP

Specific gravity 0.954

Melt flow index (g) per (10 minutes)a 4.5

Tensile modulus (MPa) 1270

Tensile strength (yield) (MPa) 27

Tensile elongation (break) (%) 880

a Tested at 190 °C with 2.16 kg plunger mass.

C4H8
Butene

C3H6
Polypropylene

+ H2
Hydrogen

Figure 5.8  Molecular structures of butene and polypropylene.
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Figure 5.7  Chemical production of bio- based polypropylene. Source: Siracusa and 
Blanco (2020).
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(MatWeb 2014). The properties of bio- based PP will 
be very similar to these values. Researchers today will 
have to confirm this, though.

5.1.3  Bio- Based Ethylene Vinyl Acetate

Braskem produced ethylene vinyl acetate (EVA) from 
sugarcane in 2018. The new bio- based EVA can be 
used to produce foot- ware. It also can be used with 
adhesives, films, toys, wires, cables, tatami, and gen-
eral foams (Braskem bio- EVA 2021). The chemical 
structure of EVA is shown in Figure 5.9.

5.1.4  Bio- Based Polyethylene Terephthalate

PET plastic can also be made from plant sources. PET is typically produced from tere-
phthalic acid and monoethylene glycol (MEG) that are made from petroleum products. 
MEG can also be fermented from sugarcane, corn, soy, or other organic ingredient.

Bio- based PET, then, can be produced with approximately 30% from organic 
sources and 70% from petroleum sources. Coca- Cola, Ford Motor, Heinz, Nike, and 
Proctor & Gamble combined forces in a consortium to develop a 100% plant- based 
PET product. The plant- based PET consortium will collaborate on PET research 
projects with universities, suppliers, and research and development companies.

The plant- based PET can be used to produce plastic bottles, plastic packaging, 
clothing, shoes, automotive carpets, fibers, and other durable goods made cur-
rently from traditional PET (Nova 2013).

Figure 5.10 shows a detailed process for producing bio- polyethylene from sug-
arcane, sugar beets, starch, and lignocellulose. The process has six steps that 
include the following:

1) Cleaning, slicing, and shredding organic crops of sugarcane, sugar beet, starch, 
or lignocellulose.

2) Fermenting the sugars derived from the first step.
3) Distillation of the sugars to bioethanol.
4) Dehydration at high temperature to bio- ethylene and bio- ethylene glycol sugar.
5) Creation of bio- ethylene glycol and para- xylene.
6) Polymerization of bio- poly purified terephthalic acid (PTA) and bio- PET.

5.1.4.1  Composition
The composition of bio- based PET is the same as conventional PET. Typically, 
PET is produced from natural gas or petroleum products. Bio- based PET is pro-
duced from MEG and PTA. Recently, terephthalic acid can be produced from 
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Figure 5.9  Chemical 
structure of ethylene vinyl 
acetate. Source: EVA 
chemical structure (2021).
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organic sources through selective oxidation with a special Co/Mn catalyst (Chavan 
et al. 2001).

Toray Company in Japan and Virent Company in the United States have pro-
duced terephthalic acid from para- xylene and MEG, which were made from 
organic sources (Toray 2011; Virent 2011). Gevo Company in the United States 
can produce terephthalic acid and MEG from sugars, starches, and cellulosic 
materials via para- xylene and isobutanol intermediates (Gevo 2011).

5.1.4.2  Chemistry
Bio- based PET can be produced from bio- based MEG and terephthalic acid. 
Figure 5.11 lists the molecular structures of MEG, terephthalic acid, and PET.

5.1.4.3  Mechanical Properties
The properties of PET made from sugarcane or corn should be the same as con-
ventional PET. PET is a very versatile plastic and can be made into many different 
types of products that are injection molded, extruded into profile or sheet, blown 
into film or bottles, or compression molded into molded products. The properties 
of PET are listed in Table 5.5. Bio- based PET should have the same properties as 
petroleum- based PET.

Researchers found that terephthalic acid can be replaced with a sugar- derived 
monomer named furandicarboxylic acid (FDCA) to produce a 100% bio- PET. This 
new polymer is labeled as polyethylene furanoate (PEF). The properties of PEF 
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Figure 5.10  Production process to create bio- PET.
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versus PET are shown in Figure 5.12. The figure shows that PEF has 6–10 times 
better gas permeability of oxygen, 2–5 times better CO2 gas permeability, twice 
as good moisture resistance, and 50% better carbon footprint. It also has a 
higher Tg, Young’s modulus, and field strength. The density and melting points 
are similar.
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Figure 5.11  Molecular structures of (a) terphthalic acid (TPA), (b) monoethylene glycol 
(EG), and PET. Source: Bartolome et al. (2021).

Table 5.5  Mechanical properties of petroleum- based PET: blow 
molding grade plastics.

Description PET

Melt flow index (g) (10 min)a 4.5

Specific gravity 0.954

Tensile modulus (MPa) 1270

Tensile strength (yield) (MPa) 27

Tensile elongation (break) (%) 880

Source: MatWeb (2014).
a Tested at 190 °C with 2.16 kg plunger mass.
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5.1.4.4  LCA of Bio- Based PET
LCA can be used to determine the environmental impacts of producing the bio- based 
PET. The LCA will consider the energy and GHG generation for producing bio- based 
PET from the raw materials to the plastic pellet. The “cradle- to- factory gate” approach 
can be useful for plastic packaging, bags, and other products. Currently, 30% of the 
PET can be made from bio- based sources. Future research can increase the develop-
ment of a 100% bio- based terephthalic acid and 100% PET. Very few LCA studies have 
been conducted on bio- based PET but it is an active area of research.

5.2   Recycled Petroleum- Based Plastics

Petroleum- based plastics can also be sustainable if they are made with plastics 
that produce less GHG emissions, less waste, and less pollution than conventional 
plastics. Recycled plastics can be produced with lower energy, lower GHG emis-
sions, and lower pollution than conventional plastics since they are converting the 
recycled plastics into pellets and not polymerizing the plastic from petroleum or 
natural gas sources (Franklin and Associates 2010).

Braskem Company decided to produce a recycled PP rather than a bio- based 
PP. Figure 5.13 describes the recycling process for polypropylene. Braskem uses 
PP twine typically used for hay bales in the agricultural sector, which would oth-
erwise be directed to landfills after use. In redirecting these PP twine waste 
streams from landfills, the twine is reused as a raw material offering a circular 
source of feedstock with consistent material characteristics. The twine is pro-
cessed, dyed black for product color uniformity, and then tested for purity 
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Figure 5.12  Properties of PEF and PET. Source: PEF and PETs (2022).
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Figure 5.13  Braskem’s Recycled polypropylene 
(Braskem’s Recycled polypropylene 2022).
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and quality. The resulting sustainably focused homopolymer PP pellets are well 
suited for use in compounding and packaging applications including uses in auto-
motive, housewares, and consumer goods. Recycled PP has properties similar or 
as good as virgin PP. The process involves the following eight steps:

1) PP twine holds the straw bales together.
2) PP is cutoff of the bale and collected by the farmer and sent to PP recycling center.
3) Recycling collector ships the twine to a materials recycling facility (MRF).
4) Scrap twine is cleaned, crushed, pressure washed, and dried.
5) The dried flake is pelletized in an extruder.
6) PP pellets are tested with melt flow, density, ash content, and tensile properties.
7) Pelletized pellets are packaged and labels are added.
8) The new recycled PP can be used for automotive, packaging, and other products.

5.2.1  Mechanical Recycling

Plastics are seemingly ubiquitous in the world today. A key feature of thermoplastics 
is the ability of the plastic to be heated and formed multiple times. Recycling is one 
of the advantages of managing thermoplastics at the end- of- life. Thermoplastic types 
include PET or Poly ethylene terpthalate ester (PETE) (Type 1), HDPE (Type 2), PVC 
(Type 3), LDPE (Type 4), PP (Type 5), polystyrene (PS; Type 6), and other (Type 7).

The majority of recycled plastic is PET (or PETE) or HDPE. PET is used for bot-
tles of soda pop and other beverages. Recycled PET can be remolded for strapping 
materials and fibers for clothing or carpeting. HDPE is most commonly used for 
plastic milk jug containers. HDPE can be used as a plastic material in plastic pipe, 
bottle, and lumber applications.

The gross recycling rate of PET bottles was 29.3% in the United States for 2011 
(National Association for PET Container Resources [NAPCOR]  2011). The US 
recycling rate for PET bottles was 28.9% in 2018 and 27.9% in 2019, notes the 2019 
PET Recycling Report (PET bottle recycling 2019). In California, the recycling rate 
of PET bottles is greater than 60% (CalRecycle PET 2013).

PET and HDPE bottles continue to comprise over 96% of the United States 
plastic bottle market. In 2011, the total annual postconsumer plastic bottles recy-
cled in the United States increased to an all- time high of 2624 million pounds. 
The total bottle collection rate was 28.9% for 2011. Plastic bottles with recycling 
codes #3–7 make up only 3.5% of the plastic bottle market. Of these bottles, PP 
bottles were recycled at a rate of 2.2% and PVC recycled bottles were recycled at 
a rate of 0.8% in 2011 (Association of Postconsumer Plastic Recyclers and the 
American Chemistry Council 2011). In 2018, total collection rate was 28.9% with 
52 million more pounds of postconsumer bottles collected in 2018 than in 2017. 
PET and HDPE bottles comprise 97.1% of the United States plastic bottle market, 
with PP at 1.8% of plastic bottles produced, LDPE at 0.7%, and PVC at 0.3%. 
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Together, PET and HDPE comprise 98.9% of the bottles recycled, with PP bottles 
constituting 1.1%. The total recycled PET increased due to increased usage in 
food/beverage and non- food bottle markets, with other major end markets  – 
fiber, sheet, and strapping – down slightly over 2017. In 2018, HDPE postconsumer 
recycled bottles came from non- food application bottles, such as for detergent, 
motor oil, household cleaners, etc., and for film. Other HDPE postconsumer 
recycled products come from pipe, lawn products, and non- food application bot-
tles. In 2018, plastic lumber continued to use plastic materials including recycled 
HDPE, LDPE, mixed rigid containers, and wide- specification virgin (PET bottles 
USA 2022).

Plastics can be recycled with two methods: mechanical recycling or chemical 
recycling. Chemical recycling will be discussed in Chapter  6. The mechanical 
recycling is the most common recycling method for plastics and is discussed in the 
following section.

5.2.1.1  Plastics Mechanical Recycling Process
The manufacturing process of converting recycled plastic into a new plastic prod-
uct is daunting. Converting recycled plastics to plastic pellets involve the following: 
sorting, washing, drying, and pelletizing. The most common processing steps 
include granulation, air classification, washing, separation, rinsing, and drying. 
The plastics are sorted by either manual or automated identification methods.

Mechanical recycling makes great sense for petroleum- based plastic and bio- 
based plastics. Mechanical recycling has the appropriate recycling infrastructure 
established in the United States, Europe, Australia, and Asia. The recycling sys-
tem requires a collection system for plastic products labeled as #1–7.

The recycling process has two major steps. The first step is with the MRF that 
collects the recycled materials and separates them into bales of plastic products by 
resin type. The second step is with the recycling company that converts the bales 
of plastic products into plastic pellets.

The first step can be broken down into the following recycling sequences:

 ● Consumer places plastic item in a recycling container.
 ● Waste management company collects recycled materials from the recycling 

container.
 ● Materials recovery facility collects the recycling container and segregates the 

plastics by type into collapsed pallets.

The segregation process to segregate the plastic from the debris can be broken 
down into the following steps:

 ● Remove large cardboard items from the recycled stream.
 ● Remove other paper products from the waste stream.
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 ● Separate the glass and ferrous metals from the plastic bottles, bags, and other 
plastic products.

 ● Separate aluminum from the plastic stream with an automated “eddy current” 
process.

 ● Segregate the plastic stream into plastic type.
 ● Separate bottles from other plastics and segregate into green bottle (PET), 

opaque bottle (HDPE), and clear bottle (PET) streams with an automatic  
method.

 ● Compress plastic bottles of each type into a baled form with a metal strap.
 ● Compress other plastics that are not bottles into a baled form with a 

metal strap.

The recycled plastic bales are sent to recyclers for the next step in the process. 
The recyclers convert the bales of plastic bottles into plastic pellets of HDPE, PET, 
and PP. The pallets with the mixed plastics of #3–7 are sent to recyclers for addi-
tional sorting and then conversion to pellets of plastics from #3 to #7.

The manual sorting method is labor intensive and requires operators to moni-
tor an assembly line and sort out clear plastic bottles (PET) from the milk 
containers (HDPE) and colored plastic containers (LDPE, PP, PVC). The auto-
mated method can employ one of several analytical techniques, including X- ray 
fluorescence, mass spectroscopy, Fourier Transform Near Infrared (FT- NIR) 
spectroscopy, Fourier Transform Medium Infrared (FTIR) spectroscopy, or tribo- 
electric analysis, on the recycled plastic materials. The state of Rhode Island has 
a single stream process to sort out the recycled materials with optical sorting 
technology. The recycled materials include cardboard, paper, glass, metal, and 
plastics (Rhode Island 2013). Recently, the state’s recycling rates have improved 
modestly in 2019. The average annual municipal recycling rate of 21.5% is 16% 
higher than the year before the Rhode Island Resource Recovery Corporation 
(RIRRC) made the $16.9  million upgrade of its MRF. The recycling rate has 
improved with the use of optical scanners, magnets, and electric pulses. The 
high- tech sorting machine succeeds at separating recycling materials from the 
waste stream and bailing it into multi- ton cubes that are ready for shipping to 
processors worldwide (Rhode Island 2021).

The automated sorting method efficiently and quickly sorts the plastic. 
Researchers reported the speed at which spectroscopic techniques can identify 
plastics with the use of a computer and tabulated spectra. Hundreds of identifica-
tions per second can help sort plastics with more than 99% accuracy (Wienke 1995). 
Throughput rates can be significantly increased with automated sorting tech-
niques (Dvorak et  al.  2000). The sorting efficiency was improved with the 
development of an automated sensor cleaning system.
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The second step in the recycling process transforms the recycled plastic  products 
into plastic pellets. The bales of plastic bottles are converted into pellets with the 
following process:

 ● Plastic bottles are washed to remove the ink, labels, and glue from the outside 
of the bottle.

 ● The washed bottles are chopped into small pieces and then floated in a soak 
tank to wash the inside of the bottle plastic and to separate the PP caps from the 
PET bottles.

 ● The PET is then dried and then sent to an extruder for pelletizing into PET 
pellets.

 ● The PP cap small pieces are dried and then sent to an extruder and transformed 
into pellets.

 ● The HDPE small pieces are also dried and then sent to an extruder and con-
verted into pellets.

 ● The pellets of HDPE, PP, and PET are evaluated for purity, density, and melt 
index for quality control.

The plastic pellets then can be sold as recycled pellets for plastic manufacturers 
of bottles, containers, caps, and plastic packaging. The mechanically recycled 
plastic experiences several thermal cycles to the melting temperature that can 
reduce the molecular weight of the polymer and reduce its mechanical properties. 
Mechanical recycled plastics can have two forms of recycled sources: postindus-
trial or postconsumer plastics. Chemical recycling is possible for PET but not 
currently used in high volumes.

Postindustrial recycled plastics occur in most plastic products, wherein the 
plastics from the sprues runners, extrudate, etc. are added back into the virgin 
plastic at the plastic manufacturing plant. Postconsumer resin (PCR) refers to 
plastics that were made into products, for example, bottles, bags, film, packag-
ing, etc.; used by a consumer; collected by a waste disposal company; and 
processed into recycled pellets at an MRF, where the recycled plastic parts are 
converted into recycled plastic pellets. The plastic pellets are then sold to plastic 
companies.

5.2.2  California Plastics Recycling

According to the 2008  Waste Characterization Study, the amount of plastics 
 disposed in California’s waste stream was 3 807 952 tons, or 9.6% by weight 
(CalRecycle 2009). The Rigid Plastic Packaging Container Program of California, 
administered by the CalRecycle, mandates that companies whose products are 
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sold in California must meet several recycling or product specifications, which 
includes: be made of at least 25% PCR, and produce the container with reduced 
amount of material. If using 25% PCR is technologically infeasible, such contain-
ers could be eligible for waivers (CalRecycle Container Recycling 2013).

California’s Trash Bag Recycled Content Act, passed in the early 1990s, requires 
plastic trash bag manufacturers selling trash bags in California to meet one of the 
following requirements: either the plastic trash bags contain actual postconsumer 
material equal to at least 10% by weight of the regulated bags, or the trash bags 
must contain actual postconsumer material of at least 30% of the weight of mate-
rial used in all of its plastic products (CalRecycle 2013).

Light weighting of plastic bags and containers can also achieve compliance 
with the laws in California, if the plastic products are made with a thinner gauge.

5.2.3  Society of Plastics Industry Recycling Codes

The plastic materials can be collected and sorted based on the Society of Plastics 
Industry (SPI) recycling code. The recycling code was created in the late 1980s. The 
recycling code can help keep the recycled plastics segregated by plastic type. Then, 
waste management companies can sort the plastics into bins of each recycled plastic.

Typically, recycling collection companies sort the plastics into clear bottles and 
containers (number 1), opaque bottles (number 2), and colored bottles and plas-
tics (numbers 3–7). The recycled plastic bottles and containers are crushed and 
then placed in pallets and shipped to MRF.

Plastic recyclers sort the plastics by plastic type and then covert the recycled prod-
uct into plastic pellets. The recyclers can also provide melt index and density 
measurements of the recycled plastic pellets to assist the plastic converter in using the 
recycled plastics to produce plastic bottles, bags, packaging, or other plastic products.

American Society of Testing and Materials (ASTM) D7611 committee provides a 
standard practice for coding plastic manufactured articles for resin identification 
(ASTM D7611 2013). The ASTM committee utilizes a resin identification code sys-
tem to identify plastic products into resin family categories. ASTM D7611 provides 
codes for the six most commonly used resin types. The seventh code is reserved for 
plastic resins that are not in the six other plastic codes. The numeric code identify-
ing the plastic type shall be placed in the middle of an equilateral triangle. The 
recycling code for plastics is listed in Table 5.6.

5.2.4  LCAs of Recycled Plastics

Recycling of plastics can make them sustainable with lower carbon footprint, 
lower waste generation, and lower pollution than virgin plastics.
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5.2.4.1  Life Cycle Inventory
The environmental impacts of recycling can be found by accounting or the accumu-
lation of waste, CO2 emissions pollution, during each step in the recycling process.

Steps in mechanical recycling process include the following:

1) Collection by single stream, dual stream, or curbside collection.
2) Sorting and separation manually, or by conveyers and separators, separator 

technology, or computer- aided technology.
3) Reclaiming and pelletizing operations.

The energy usage, GHG emissions, waste generation, and pollution productions 
are calculated for each of the above steps and combined for an overall life cycle 
inventory. The recycling operations can involve four types of collection, including 
cutoff weight- based, cutoff volume based, open- loop weight- based, or open- loop 
volume- based collections. The open- loop collection methods include virgin plas-
tic collection and will be omitted from this analysis.

Thus, for cutoff collection systems, the LCA is listed in Table 5.7 (Franklin and 
Associates 2010).

As shown in Table 5.7, recycled plastics require less energy and produce less 
GHGs than virgin plastics. Recycled plastics, though, require more water and pro-
duce more solid waste than virgin plastics. The table shows that the 100% recycled 
PET uses significantly less energy, produces less GHG, but uses more water and 
produces more waste than virgin PET. Similarly, 100% recycled HDPE uses signifi-
cantly less energy, produces less GHG, but uses more water and produces more 
waste than virgin HDPE. These results will be used in LCA studies in Chapter 7.

Table 5.6  SPI recycling codes for plastics.

Code Plastic Typical products

1 PET: polyethylene terephthalate Plastic beverage containers, 
food containers

2 HDPE: high- density polyethylene Plastic grocery bags, beverage 
containers

3 PVC: polyvinyl chloride Plastic containers

4 LDPE: low- density polyethylene Plastic bags and stretch film

5 PP: polypropylene Plastic containers

6 PS: polystyrene Plastic containers, beverage 
containers

7 Other: can be a mixture of plastics 
above or polycarbonate

Plastic containers, beverage 
containers
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5.2.4.2  Sustainable Recycled Plastic Products
Thus, plastic products can be made with recycled plastics that can require lower 
energy and produce lower GHG and lower waste than traditional plastic products 
that are made with virgin plastics. The plastic products made with recycled prod-
uct, though, will have higher water usage due to the large amounts of water used 
in the washing process of recycled plastics. The recycled PET can be blended with 
virgin PET plastic to produce plastic containers and products. The recycled HDPE 
pellets can be blended with virgin HDPE to produce plastic products.

5.3   Oxodegradable Additives for Plastics

Oxodegradable additives, typically transition metals, can be added to plastics to 
cause fragmentation in the plastic. Temperature and relative humidity are the key 
factors in polymer fracture and reducing the molecular weight in polyethylene 
plastic (Chiellini et al. 2006). Oxidative degradation of polyethylene samples with 
proprietary pro- oxidant additives resulted in increased mass, oxygen uptake, and 
wettability. Two bacterial strains showed increased activity with polyethylene 
samples that contained antioxidants and pro- oxidants. The microorganisms 
gained energy from the plastic substrates on the biofilm surface with slow rate 
over a three- year testing period (Koutny et al. 2006). Oxo- additives can cause the 
plastic to fragment into smaller pieces over a period of time depending on tem-
perature and humidity in the disposal environment. Oxodegradable additives did 
not cause polyethylene samples to biodegrade under industrial compost environ-
ment according to EN 13432 or ASTM testing standards (Greene 2009; Thomas 
et al. 2010). The length of time for degradation of oxodegradable plastics cannot 
be predicted accurately due to environmental conditions. Oxodegradable plastics 
are not suitable for mechanical recycling with PET, HDPE, or other petroleum- 
based plastics.

A position paper was released by the SPI concerning the biodegradability claims 
made by producers of degradable additives (SPI  2013). SPI asserts that the 

Table 5.7  Life cycle assessment of recycled PET and HDPE per 1000 kg.

LCA category Virgin PET 100% recycled PET Virgin HDPE 100% recycled HDPE

Energy (GJ) 15.3 3.5 17.1 1.8

GHG (kg CO2eq) 2746 1136 1822 609

Water (l) 27.5 81.2 30.7 91.5

Waste (kg) 142 385 74.6 212
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degradable additives were not found to result in biodegradation of the plastic, 
fragmentation is not equivalent with biodegradation, oxo- additives do not reduce 
litter, and accumulation of plastic fragments can cause risks to the environment. 
The plastic additive, however, can cause some concern with contamination with 
the plastic bottle recycling process.

5.4   Summary

Sustainable plastics are those plastics made with lower energy, lower carbon foot-
print, lower waste, and lower pollution than conventional plastics. Plastics from 
plants or bio- based sources and recycled plastics can be made with lower energy, 
lower carbon footprint, lower waste, and lower pollution than conventional plastics.

Bio- based polyethylene, propylene, and PET can be made from sugarcane or 
other agricultural materials. Bio- based plastics can be made with nearly identical 
mechanical properties as conventional petroleum- based plastics and can be man-
ufactured on identical plastics processing equipment.

Recycled plastics can be produced with lower energy, lower GHG emissions, 
and lower pollution than conventional plastics since they are converting the recy-
cled plastics into pellets and not polymerizing the plastic from petroleum or 
natural gas sources. Mechanical recycling is the most common recycling method 
for plastics. Converting recycled plastics to plastic pellets involves sorting, wash-
ing, drying, and pelletizing.

The recycling process has two major steps. The first step is with the MRF that 
collects the recycled materials and separates them into bales of plastic products by 
resin type. The second step is with the recycling company that converts the bales 
of plastic products into plastic pellets.

Through LCA results, recycled plastics require less energy and produce less 
GHGs than virgin plastics. Recycled plastics, though, require more water and pro-
duce more solid waste than virgin plastics.
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End-of-lifeoptionsforplasticsareimportantfactorsthatinfluencethelifecycle
assessment (LCA) of plastics. Disposal options for plastics are to mechanically
recycletheplastic,chemicallyrecycletheplastic,compostthebio-basedplastic,
burntheplasticintoenergy,orburytheplasticinalandfill.

6.1  US EPA WARM Program

TheEnvironmentalProtectionAgency(EPA)providesaWasteReductionModel
(WARM)tocalculatetheenvironmentalimpactsofend-of-lifeoptionsforprod-
ucts, includingplastics.TheUSEPAWARMcalculatesgreen-house-gas(GHG)
emissionsforsourcereduction,recycling,waste-to-energy,composting,andland-
fillend-of-lifeoptions.TheUSEPAWARMprovidesinformationaboutrecycling,
sources reduction, composting, waste-to-energy, and landfill processes.WARM
calculations are available in web-based calculator and as a Microsoft Excel®
spreadsheet.WARMhasdatabasesforover45 materialtypesandGHGemissions
areprovidedinmetrictonsofCO2eqormetrictonsofcarbonequivalent(EPA
WasteReductionModel 2013).

6.2   Mechanical Recycling of Plastics

Mechanicalrecycledplasticscanhavetwoforms,recycledsources,postindustrial
orpostconsumerplastics.Postindustrialrecyclingofplasticscanoccurwithmost
plastic products, wherein the plastic from the sprues runners and extrudate is
addedbackintothevirginplasticattheplasticmanufacturingplant.Postconsumer
recycling process occurs when plastics are made into products, for example,

6
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bottles,bags,film,packaging,usedbyaconsumer,collectedbyawastedisposal
company,processedintorecycledpelletsatamaterialsrecoveryfacility(MRF),
andthensoldtoplasticcompanies.

6.2.1  US Plastics Recycling

ThestateofNorthCarolinadevelopedaframeworkfortheassessmentofplas-
ticsrecyclingpotential(Barlazet al. 1993).Itincludesestimationsofthequan-
tity of waste that could be available for recycling, assessment of the state’s
recycling technology includingthemanufacturingcapacity,andevaluationof
potentialmarketsforproductsmanufacturedfromrecycledplastics.Thestate’s
recyclingmanufacturingcapacitywasfoundtobeadequateforthecurrentrecy-
cling technology thatdoesnot includecommingledplastics.Similarly,plastic
bottlereclamationintheUnitedStatesisamatureprocessforreclaimingplastic
bottlesandhasasufficientnumberofmanufacturingcompaniestorecycleplas-
ticbottles.

6.2.2  Plastics Recycling Process

Mechanicalrecyclinghastheappropriaterecyclinginfrastructureestablishedin
theUnitedStates,Europe,Australia,andAsia.

Asexplainedpreviously,therecyclingprocessisasfollows:

 ● Consumerplacesplasticiteminarecyclingcontainer.
 ● Recyclingcontaineriscollectedbyawastemanagementcompany.
 ● Materials recovery facilitycollects the recyclingcontainerandsegregates the

plasticsbytypeintocollapsedpallets.
 ● RecyclingcompanycollectsthesegregatedplasticfromtheMRFandconverts

therecycledplasticpartsintoplasticpellets.

The manufacturing process of converting recycled plastic into a new plastic
productisdaunting.Convertingrecycledplasticstoplasticpelletsinvolvessort-
ing,washing,drying,andpelletizing.Themostcommonprocessingstepsinclude
granulation,airclassification,washing,separation,rinsing,anddrying.Theplas-
ticsaresortedbyeithermanualorautomatedidentificationmethods.Therecy-
clingprocesshastwomajorsteps.

1) ThefirststepiswiththeMRFthatcollectstherecycledmaterialsandseparates
themintobalesofplasticproductsbyresintype.

2) Thesecondstepiswiththerecyclingcompanywhoconvertsthebalesofplas-
ticproductsintoplasticpellets.
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Thefirststepcanbebrokendownintothefollowingrecyclingsequences:

 ● Consumerplacesplasticiteminarecyclingcontainer.
 ● Waste management company collects recycled materials from the recycling

container.
 ● MRFcollects the recyclingcontainerandsegregates theplasticsby type into

collapsedpallets.

Thesegregationprocesstosegregatetheplasticfromthedebriscanbebroken
downintothefollowingsteps:

 ● Removelargecardboarditemsfromtherecycledstream.
 ● Removeotherpaperproductsfromthewastestream.
 ● Separatetheglassandferrousmetalsfromtheplasticbottles,bags,andother

plasticproducts.
 ● Separatealuminumfromtheplasticstreamwithanautomated“EddyCurrent”

process.

Segregatetheplasticstreamintoplastictype:

 ● Separatebottlesfromotherplasticsandseparatedintogreenbottle(polyethyl-
ene terephthalate [PET]),opaquebottle (highdensitypolyethylene [HDPE]),
andclearbottle(PET)streamswithanautomaticmethod.

 ● Compressplasticbottlesofeachtypeintoabaledformwithametalstrap.
 ● Compressotherplasticsthatarenotbottlesintoabaledformwithametalstrap.

PlasticrecyclingstepsasshowninFigure 6.1.

 ● Collection
 ● Sorting
 ● Baling
 ● Crushing
 ● Washing
 ● Regeneration
 ● Extrusion
 ● Molding
 ● Endproducts

Interesting facts about PET plastic recycling are as follows: (PET recycling
rates 2020).

 ● PETwasinventedin1973.
 ● Thereareabout7700curbsidecollectionand10000drop-off locationsinthe

UnitedStates.
 ● Onecubicyardoflandfillspaceisconservedbyrecycling.
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 ● 4800of16-ouncePETbeveragebottles
 ● 3240of1-lbottles
 ● Onaverage,aUShouseholduses45lbofPETplasticbottlesandjarsinayear

(PETbottlesuse 2020).
 ● Ifallofthemwererecycled,itwouldyieldenoughrecycledPETfibertomake

12dozenmen’sT-shirtsorenoughcarpetfora12-by-15ftroom.

The recycling rates of PET bottles are shown in Table  6.1 (PET recycling
rates 2020).

TherecyclingprocessforPETincludesthefollowingandshowninFigure 6.2.

 ● Manualsort
 ● Paperorfilm,metals
 ● Metaldetection
 ● Steelandaluminum
 ● Washthebottlestoremovelabelsanddirt
 ● NIRsort($1 million)
 ● Colorsort
 ● Inspectionandmanualsort
 ● Granulartoflake

ThereusesofrecycledPETincludeplasticfiber,strapping,plasticsheet,plastic
film,andplasticbottles.Table 6.2showstheusesofrecycledplasticPETbottles.

Therecycledplasticbalesaresenttorecyclersforthenextstepintheprocess.The
recyclersconvertthebalesofplasticbottlesintoplasticpelletsofHDPEand PET.
Thepalletswiththemixedplasticsof3to7aresenttorecyclersforadditional
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Figure 6.1  Mechanical recycling process for 
plastics. Source: Mechanical recycling 
process (2020).
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sortingandthenconversiontopelletsofplasticsfrom3to7.Themanualsorting
method is labor intensiveandrequiresoperators tomonitoranassembly line
and sort out clear plastic bottles (PET) from the milk containers (HDPE)
and coloredplasticcontainers[linearlowdensitypolyethylene(LDPE),polypro-
pylene(PP),polyvinylchloride(PVC)].Theautomatedmethodcanemployone
of severalanalytical techniques,X-ray fluorescence,massspectroscopy,Fourier
Transform Near Infrared (FT-NIR) spectroscopy, Fourier Transform medium

Table 6.1  Gross recycling rates of PET bottles from 2004 to 2014.

Year
Total US bottles 
collected (MMlbs)

Bottles on US 
shelves (MMlbs)

Gross recycling 
rate (%)

2004 1003 4637 21.6

2005 1170 5075 23.1

2006 1272 5424 23.5

2007 1396 5683 24.6

2008 1451 5366 27.0

2009 1444 5149 28.0

2010 1557 5350 29.1

2011 1604 5478 29.3

2012 1718 5586 30.8

2013 1798 5764 31.2

2014 1812 5849 31.0

Source:PETrecyclingrates(2020).

PET bottles
in circulation

Collection of
waste bottles

Sorting out
non-PET bottles

Granulation
into flakes

Washing
of flakes

Extruding
granulate

Blow moulding
of PET bottles

Sink-float
separation

PET bottle cycling

Figure 6.2  The recycling process for PET. Source: PET recycling (2022).



Table 6.2  The uses of recycled plastic PET bottles in MM of pounds.

Product category 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

fiber 479 463 422 383 391 344 381 398 512 558 638

sheet and film 58 71 74 128 153 159 195 202 307 315 365

strapping 116 131 132 144 137 114 127 120 136 140 126

Engineered resin 12 8 9 11 7 10 9 See 
other

See 
other

See 
other

See 
other

Food and 
beverage bottles

126 115 139 136 141 203 216 242 276 425 351

Non- food bottles 63 63 49 60 55 65 58 57 50 50 57

Other 24 13 30 38 31 42 16 21 31 25 27

Total Converter 
Consumption

878 864 855 900 915 937 1002 1040 1312 1513 1564

Source: Uses of recycled PET bottles (2020).
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Infrared (FTIR) spectroscopy, or tribo-electric analysis, on the recycled plastic
materials.

ThestateofRhodeIslandhasasinglestreamprocesstosortouttherecycled
materials with optical sorting technology. The automated sorting method effi-
ciently and quickly sorts the plastic. Researchers reported the speed at which
spectroscopic techniques can identify plastics with the use of a computer and
tabulatedspectra.Hundredsof identificationspersecondcanhelpsortplastics
withmore than99%accuracy.Throughput ratescanachieveof2000kg/h.The
sortingefficiencywas improvedwith thedevelopmentofanautomated sensor
cleaningsystem.Thesecondstepintherecyclingprocesstransformstherecycled
plasticproductsintoplasticpellets.Thebalesofplasticbottlesareconvertedinto
pelletswiththefollowingprocess:

 ● Plasticbottlesarewashedtoremovetheink,labels,andgluefromtheoutside
ofthebottle.

 ● Thewashedbottlesarechopped intosmallpiecesandthenfloated inasoak
tanktowashtheinsideofthebottleplasticandtoseparatethePPcapsfromthe
PETbottles.

 ● The PET is then dried and then sent to an extruder for pelletizing into PET
pellets.

 ● ThePPcapsmallpiecesaredriedandthensenttoanextruderandtransformed
intopellets.

 ● TheHDPEsmallpiecesarealsodriedandthensenttoanextruderandcon-
vertedintopellets.

 ● ThepelletsofHDPE,PP,andPETareevaluated forpurity,densityandmelt
indexforqualitycontrol.

Theplasticpelletsthencanbesoldasrecycledpelletsforplasticmanufactur-
ersofbottles,containers,caps,andplasticpackaging.Theissuesaremechani-
cally recycling where the mechanically recycled plastic experiences several
thermalcyclestothemeltingtemperaturethatcanreducethemolecularweight
ofthepolymerandreduceitsmechanicalproperties.Mechanicalrecycledplas-
ticscanhavetwoformsrecycledsources,postindustrialorpostconsumerplas-
tics. Postindustrial recycled plastics occurs in most plastic products, wherein
theplasticfromthespruerunners,extrudate,etc.areaddedbackintothevirgin
plasticattheplasticmanufacturingplant.Postconsumerresin(PCR)refersto
plasticsthatweremadeintoproducts,e.g.,bottlesorbags,orother,usedbythe
consumer,collectedbywastedisposalcompany,senttotheMRF,andprocessed
back intopellets.Theamountofplasticsdisposed in theUSwaste stream in
2018  was 3630000tons, or 12.2% by weight. (EPA plastics waste  2021). The
MSW waste contents are shown in Figure  6.3. Note that paper, paperboard,
food,andyard trimmingsaccount forapproximately57%of thewaste.These
itemsshouldbecomposted.ThetotalMSWwastein2018 was292.4 milliontons.
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Recycling and composting almost 87  million tons of MSW saved more than
1.1 quadrillionBTUofenergy; that’s thesameamountofenergyconsumedby
almost10 millionUShouseholdsinayear.(USEnergy 2020).

6.3  Chemical Recycling

Chemical recycling is a process by which the polymer chemicals are retrieved
fromtheplasticandthenusedforprimarychemicalstoproducenewpolymers.
Thechemicalconversionprocessisusuallydoneathighheatswiththeabsenceof
oxygen. Chemical recycling is possible for PET but not currently used in high
volumes.Sometypicalprocessesareasfollows:

 ● Pyrolysis
 ● GlycolysisofPETtobis(2-hydroxyethyl)terephthalate(BHET)monomer
 ● MethanolysisofPETtodimethylterephthalate(DMT)monomer
 ● BASFthermalcracking
 ● Degradativeextrusion
 ● Steamgasification
 ● Polymercrackinginfluidizedbed
 ● Battellehightemperaturegasification
 ● Destructivedistillation
 ● Catalyticcracking
 ● Crackingbyhydrogenation
 ● Texacogasification

Total MSW generated by material, 2018

292.4 million tons

Misc. inorganic wastes: 1.39%

Paper and paperboard: 23.05%

Glass: 4.19%

Metals: 8.76%

Plastics: 12.20%

Other: 1.56%

Textiles: 5.83%

Rubber and leather: 3.13%

Wood: 6.19%

Food: 21.59%

Yard trimmings: 12.11%

Figure 6.3  MSW waste in 2018. Source: EPA plastics waste (2021).
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Fourchemicalrecyclingmethodsfromtheabovelistarefurtherexplainedin
thefollowingsections.Otherresourcescanbeusedtodescribetheotherchemical
recyclingprocesses.

Pyrolysis is a very common thermochemical decomposition of carbon-based
materialsatelevatedtemperaturesof700 °Cintheabsenceofoxygen.Pyrolysisof
plastic waste can yield gases and oils (Williams and Williams  1997; Pinto
et al. 1999).Theoilscanbepolymerizedbacktopolymers.Anewtypeofpyrolysis
reactorutilizesacirculatingfluidizedbedboilerandisshowninFigure 6.4.Hot
solidsfromthepilotboilerareledintoanentrainedflowreactor,inwhichsolids
(sandandchar)areseparatedfromthegasstreamandreturnedtotheboilercircu-
lationloop.Theformedpyrolysisgasesarecondensedinatwo-stagescrubberand
condensersystem.Theremainingnon-condensablegasesarerecycledtothereac-
toras fluidizationmedium,while surplusNCGsare led to theboiler througha
lance.Productoilfromthecondensingstageisledtoanintermediatestoragetank.

The reactor produced 80tons of bio-oil that were tested for district heating
burnerapplications.Bio-oilsfromplantresiduesareanalternativetofossilfuels.
Theuseofbio-oil(biocrude,fastpyrolysisoil,flashpyrolysisoil,pyrolysisliq-
uid)asafueloilinindustrialkilns,boilers,dieselengines,andgasturbineswere
tested.Onceproduced,bio-oilscanbeshipped, stored,andutilizedmuch like
conventionalliquidfuels.Theprojectwasuniqueinthatitutilizedhotsandina
fluidizedbedboiler.Thisoffersaconsiderableopportunitytointegratethepyrol-
ysis and combustion processes. Considerable savings can be achieved in

District
heating

CFB-Pilot

Reactor

Scrubber Condenser

Cooling
water

Product oil

Gas circulation
unit

Liquid
separator

Liquid
separator

Heat
exchanger

Tar water

Cooler

NCG to boiler

Fuel
supply

Figure 6.4  Pyrolysis reactor. Source: Autio et al. (2011).



6  End- of- Life Options for Plastics128

operatingcostsandthepriceoftheinvestmentinbothnewboilerprojectsand
retrofitsolutions.Theprojectsuccessfullyintegratedpyrolysisandcombustion
processes. Pyrolysis process can be started, operated, and shut down without
compromisingboilerprocess.TheprocesscanbeusedtochemicallyrecyclePET
(Autioet al. 2011).

PETcanbechemicallyrecycledwithglycolysisofPETtoBHETmonomer.The
supercriticalglycolysisreactionoccursat450 °Cand15.3MPa.Thechemicalreac-
tionrecoversBHET(Imranet al. 2010)andislistedinFigure 6.5.

PETcanbechemicallyrecycledwithmethanolysistorecoverdimethyltereph-
thalateandethyleneglycol.Thechemicalreactionoccursat200 °Candachieved
yieldsof64%(Kurokawaet al. 2003).

PLA can be chemically recycled in a process called LOOPLA hydrolysis
(NatureWorks™ 2013).Duringhydrolysis,theIngeoPLAplasticisbrokendown
intolacticacid.ThelacticacidcanthenbepolymerizedbackintoIngeoPLA.

6.4   Composting

Industrial composting process is a thermophilic chemical process to convert
organic materials to carbon dioxide, water, and biomass. Industrial compost
occursatthermophilictemperaturesbetween50and60 °C.Thecompostenviron-
mentishotandmoistwithamoisturecontentbetween45and55%.Theindustrial
compostusesawindrowmethodtobiodegradeorganicmaterials, forexample,
leaves, grass, sticks, yard waste food waste, and compostable plastics. The US
Composting Council provides a wealth of information about composting (US
CompostingCouncil 2013).

Industrialcompostisaviableend-of-lifeoptionforcompostableplasticsbutnot
traditionalplastics.Compostableplasticsbiodegradeunderindustrialcomposting
conditions(Greene 2007b;Greene 2008;Greene 2009).
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Thecompostingprocessinvolvesthefollowingsteps:

 ● Collectyardorfoodwasteatananaerobiccompostfacility.
 ● Place the compost with a proper mixture of green and brown organic

materials  in a row approximately 6ft high and 6ft wide at the bottom and
100ftlong.

 ● For in-vessel composting, an 8-mil plastic film is typically placed over the
compostrow.

– Alternatively, in-vessel composting can include a concrete enclosure
with  control over temperature, airflow, moisture accumulate, and others
(Greene 2007a).

 ● Thecompostingrowisflippedoverorturnedseveraltimesperweektointro-
duceairandoxygentothecompostviamixingprocess.

 ● After60–90days,thecompostrowissenttoatrammelsortertoremovecon-
taminantslikeplastic,rocks,largesticks,andotherdebris,andtoproduceafine
compostdirt.

PLA,PHA,starch,andothercompostableplasticsbiodegradedinanindustrial
compostandanin-vesselindustrialcompost(Greene 2007a).

6.4.1  LCA of Composting Process

Theuseofgreenyardwastecompostonfarmlandcanleadtoapositiveenviron-
mental impact with lower water usage, lower fertilizer usage, lower herbicide
usage, and sequestration. Life cycle impact assessments of environmental con-
cernsfromproductionandapplicationofcompostedproductsprovideanetposi-
tiveenvironmentalimpact.Theuseofcompostingprocessandproductsprovidea
reductioninGHG,humantoxicitypotential,ecotoxicitypotential,andeutrophi-
cationpotentialduetoloweruseoffertilizers,herbicides,water,andelectricity
(LCAforWindrowCompost 2006).

Industrialcomposting in Irelandhadpositiveenvironmental impacts.Useof
industrialcompostratherthanfertilizercansignificantlyreducetheglobalwarm-
ingpotential,eutrophication,andacidification.Irishcompostingoperationshad
50%lessCO2eqthanequivalentfertilizedsystems.Sequestrationoccursfromthe
soilabsorbing(IrishCompostingStudy 2013).

6.5  Waste to Energy

Solidwastecanbeburnedtocreateenergyinwaste-to-energyfacilities.Thecar-
bonsources inplasticcanbea fuel source for several typesofwaste-to-energy
processes.Fourtypesofwaste-to-energyfacilitiescanusetheplasticwasteasa



6  End- of- Life Options for Plastics130

fuel in the combustion chamber.The types of waste-to-energy municipal solid
waste(MSW)combustionincludethefollowing:

 ● Municipalsolidwastecombustion
 ● Blastfurnace
 ● Cementkiln

6.5.1  Municipal Solid Waste Combustion

TheUSEPAprovidesawebsiteforguidelinesforgeneratingelectricityfromMSW
(EPA 2010).TheMSWisunloadedatthewaste-to–energyfacility.Metals,glass,
andotherrecyclablesareseparatedout.Theremainingburnablewasteisfedinto
acombustionchamberandburned.Thereleasedheatproducessteamthatturns
asteamturbineandgenerateselectricity.Figure 6.6showsanexampleofanMSW
wastetoenergyreactor.

MSWisusuallyburnedatspecialwaste-to-energyplantsthatusetheheatfrom
thefiretomakesteamforgeneratingelectricityortoheatbuildings.In2019,67US
powerplantsgeneratedabout13billionkW-hofelectricityfromburningnearly
25 milliontonsofcombustibleMSW.Biomassmaterialsaccountedforabout63%
oftheweightofthecombustibleMSWandforabout47%oftheelectricitygener-
ated.TheremainderofthecombustibleMSWwasnon-biomasscombustiblemate-
rial, mainly plastics. Many large landfills also generate electricity by using the
methane gas that is produced from decomposing biomass in landfills (EPA
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Figure 6.6  MSW waste to energy reactor. Source: MSW Biomas (2022).



6.5  Waste to Enerngc 131

Biomass 2021).TheUnitedStateshasapproximately67 MSW-firedpowergenera-
tionplants, generatingapproximately2500 MW,orabout0.3%of totalnational
powergeneration.TheburningofMSWcancreateairemissionsof1671kgofCO2/
MWh, 0.54kg of SO2/MWh, and 3.0kg of nitrogen oxides/MWh. Emission and
effluentscanbeminimizedwithefficientdesign(FodorandKlemes 2012).

TheenergypotentialofvarioussourcesoffuelinanMSWisprovidedinTable 6.3.
FromTable 6.4HDPEandpolypropylene (PP)plasticshave thehighestheat

contentof38 millionBTU/tonofplastic.Mixedpaperhadthelowestheatcontent
of6.7 millionBTU/tonofmixedpaper.IfthevalueswereconvertedtoJoulesand
thendividedbythevalueformixedpaperwegettheresultsshowninTable 6.4.

Table 6.3  Typical heat content of materials in MSW.

Materials
Million 
BTU/ton

Plastics
Polyethyleneterephthalatec,e(PET) 20.5
Highdensitypolyethylenee(HDPE) 38.0
Polyvinylchloridec(PVC) 16.5
Lowdensitypolyethylene/linearlowdensity
polyethylenee(LDPE/LDPE)

24.1

Polypropylenec(PP) 38.0
Polystyrenec(PS) 35.6
Othere 20.5

Rubberb 26.9
Leatherd 14.4
Textilesc 13.8
Woodb 10.0
Fooda,c 5.2
Yardtrimmingsb 6.0
Newspaperc 16.0
Corrugatedcardboardc,d 16.5
Mixedpapere 6.7

Source:DOE(2007).
a IncludesrecoveryofotherMSWorganicsforcomposting.
b EnergyInformationAdministration(2005).
c GarthandKowal(1993).
d Bahillo(2006).
e UtahStateUniversityRecyclingCenterFrequentlyAskedQuestions.
http://www.usu.edu/recycle/faq.htm.

http://www.usu.edu/recycle/faq.htm
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TheresultsshowthatHDPEandPPhavethehighestheatenergycontentfor
MSW.HDPEandPPhave5.7timestheenergyofburningmixedpaper.Flourand
yardtrimmingshavelessenergywhenburningthanmixedpaper.

Plastics have a stored energy for combustion due to their inherent material
sourceispetroleum.Onekilogramofplasticscangeneratetwiceasmuchenergy
asWyomingcoalandalmostasmuchenergyasfueloil(SPI 2013).Whencom-
bustedinamodernwaste-to-energyfacility,plasticscanassistothersolidwaste
burnmorecompletelyduetotheirintrinsicheatvalueandresultinlessresidual
ashinthefurnace.

6.5.2  Blast Furnace

Theblastfurnaceisusedinthemetal-processingindustry.Plasticscanbeafuel
sourceandareducingagenttoreplacecokeasacarbonsource.Theblastfurnace
is used in the process of producing iron ore and has temperatures exceeding
2000 °C.Thehighertemperaturescangeneratelessemissionsandlessparticulate
matter.The use of waste plastics in a blast furnace can reduce the energy and

Table 6.4  Ratio of MSW energy per yard trimmings.

Material MM BTU BB J Ratio/paper

HDPE 38.0 40.1 5.7

PP 38.0 40.1 5.7

PS 35.6 37.6 5.3

Rubber 26.9 28.4 4.0

LDPE 24.1 25.4 3.6

PET 20.5 21.6 3.1

Other 20.5 21.6 3.1

PVC 16.5 17.4 2.5

Corrugatedcardboard 16.5 17.4 2.5

Newspaper 16.0 16.9 2.4

Leather 14.4 15.2 2.1

Textiles 13.8 14.6 2.1

Wood 10.0 10.6 1.5

Mixedpaper 6.7 7.1 1.0

Yardtrimmings 6.0 6.3 0.9

Flour 5.2 5.5 0.8
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material costs and provide for improved combustion efficiencies (Ziebik and
Stanek 2001;Kimet al. 2002).PolystyreneandPETwerefoundtohavenegative
effectsoncokereactivitywithCO2andwithcokestrength(Melendiet al. 2011).
Polyolefinswerealsofoundtoreducecokingpressure.

AtypicalblastfurnaceisshowninFigure 6.7.Theprocessincludesshredding
andcrushingtheplasticandthensendingittoanagglomerator,astoragehopper,
andthentheblastfurnace.Plasticwastecanbeinjectedintotheblastfurnaceto
reducethedemandforcoke.Plasticsprovideadditionalbenefitsthataresimilar
tonaturalgasinjection.Everytonofplasticusedinablastfurnacecanreplace
750kgofcoke(Blastfurnace 2021).Alsoplasticusecanreducethecarbonemis-
sionswhencomparedtocokeuse.

6.5.3  Cement Kiln

Cement kilns are used to create cement under temperatures of approximately
1350 °C.Recently,cementkilnscanalsoreplacepetroleumcokewithrefuse-derived
fuel(RDF).PlasticwastecanbeacomponentofRDF.Thequalityofthecementwas
notaffectedbytheuseofblendsofRDFandpetroleumcoke.Theemissionsfrom
theblendsofRDFandpetroleumcokewerewithin the industrial limits.Plastic
wastethatisusedasafuelsourcecanofferenvironmentalandeconomicadvan-
tagesforthecementindustry(Kara 2012).Acementkilnthatusesplasticwasteis
showninFigure 6.8.Theplasticwasteisanadditiveforcementproduction.

AUScompanyhascommercializedaprocessthatuseslow-valuescrapplastic
asfuelincementproduction.Theprocessiscenteredonarotarykiln,whichis

Waste plastic injection system for BF

Bale plastics (film)

Shredder

Sorter

Crusher Agglomerator
Storage
hopper

Blast furnace

Tuyere

Injection tankStorage
hopper

Bottles and
solid plastics Crusher

Figure 6.7  Blast furnace use with plastic waste. Source: Blast furnace (2021).
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frequentlyusedinproducingmaterialsusedincement.Traditionally,thistypeof
kiln would be fired using natural gas or liquified natural gas. Instead of using
thosefuels,CementLocktakesinlow-value,typicallynon-recyclableplasticsfor
useintherotarykiln.Theplasticisshreddedandcombinedwithmineralssuchas
silica,alumina,andothers.Thecombinationofmineralsandcompositionofthe
plasticfeedstockgivesCementLockaformulaforhowlongtorunthefurnace
andthetemperaturerangetorunitat.

Theproductthatcomesoutofthekilnisanaggregate,whichisshippedtoapug
millandpulverized intoapowder.The resultingmaterial isused increatinga
high-valuepozzolanadmixtureformakingcement.Pozzolansaresilicate-based
materialsthatareusedtoimproveconcretebycausingvariouschemicalreactions
duringthemanufacturingprocess.

6.5.4  Pollution Issues with Waste- to- Energy Process of Plastics

Incineration operations can produce toxic emissions including dioxins, furans,
NOx, SOx, CO, CO2, polychlorinated dibenzo-p-dioxins and dibenzofurans, and
heavymetals.IncinerationofplasticwastecanproduceHClandothertoxicemis-
sionsifPVCisburned.TheWorldHealthOrganizationprovidesbestpracticesfor
theoperatorsofincinerationfacilities,includingsmallscaleandlargescale.The
organization recommends removing PVC and vinyl products from the plastic

Figure 6.8  Cement kiln using plastic waste. Source: Cement kiln (2021).
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wastestreamtoavoidgeneratingHClemissions.Continuousemissionsmonitor-
ingisrequiredonlargeincinerators.TheemissionstandardsintheUnitedStates
areregulatedbytheEPA.Theemissionslimitsforthecombustionofwastemate-
rialsinanincineratorarelistedinTable 6.5(WorldHealthOrganization 2013).

6.6   Landfill Operations

Plastics can be discarded and sent to local landfills for disposal. In 2010, the
UnitedStatescollectedover250 milliontonsMSW.In2010,34.1%or85 million
tons of solid waste were recycled or composted. Residential waste comprises
approximately 64% of the MSW and commercial waste comprises 35% of the
waste. Table  6.6 lists the materials collected at a typical landfill in the United
States in2010.Organicsare the largestcomponentof thewastestreamsent to
landfills.Paperandcardboardaccountfor29%,foodandyardtrimmingsaccount
for27%,plasticscomprise12%,metalsareat9%,rubberandtextilesareat8%,
woodat6%,glassat5%miscellaneousat3%(EPAMunicipal 2010).Accordingto
theEPAduring2010,250 milliontonsofMSWwerecollectedintheUnitedStates.
Ofthattotal,34.1%(85.1 milliontons)oftheMSWwerecompostedorrecycled.
Thus,65.9%(164.9 milliontons)oftheMSWweresenttolandfillsorincinerated.
TheMSWbeforerecyclingorcompostingiscomprisedofthefollowingmaterials

Table 6.5  United States and European Regulatory limits for pollutant

Pollutant Units US EPA limits European limits

Cadmium mg/m3(drynormal) 0.04 0.05

Carbonmonoxide ppm 40 100

Dioxins/furan mg/m3(drynormal) 25 0.1

Hydrogenchloride ppm 15 10

Lead mg/m3(drynormal) 0.07 N/A

Mercury mg/m3(drynormal) 0.55 0.05

Nitrogenoxides ppm 250 200

Organics mg/m3(drynormal) N/A 10

Particulatematter mg/m3(drynormal) 34 10

Sulfurdioxide ppm 55 50

Note:(1)EPAdefinesalargeincineratorasonethatburnsmorethan227kg/h.(2)European
Councildefineslargeincineratorasonethatproduces50MWormoreofthermaloutput.
(3) EU standardsnotshownforthallium,copper,manganese,nickel,arsenic,antimony,cobalt,
vanadium,tin,oxygen.
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byweightpercentage(EPAMunicipal 2010).Ingeneral, landfills intheUnited
StatesandEuropeutilizeacapandsealstrategy,whereinthebedofthelandfillis
lined with clay and then the top sealed to prevent contamination with ground
waterandtocapturegasesinthelandfill.Landfillgasescanbeburnedorcollected
to reduce dangers associated with overpressure. Methane can be captured in a
bioreactorlandfillforenergyutilization.

6.7   Life Cycle Assessment of End- of- Life Options

LCA can be used to determine the environmental effects of various end-of-life
scenariosforplasticwaste.AreviewofanumberofLCAsfoundthatwhensingle
polymerplasticwastefractionswithlittleorganiccontaminationarerecycled,and
replacevirginplasticata1 : 1ratio,mechanicalrecyclinghasthelowerenviron-
mentalburdenthanincinerationofMSW(Lazarevicet al. 2010).

Landfill,incineration,pyrolysis–gasification,andanaerobicdigestionareevalu-
atedforenvironmentaleffectsatmosphericemissionsperunitelectricitygenera-
tionfromsolidwasteusingSimaProLCAsoftware(Zaman 2009).Landfilland
incinerationgenerated thehighestglobalwarmingemissions. Incinerationand
pyrolysis–gasification had the significant impact on respiratory inorganics and
acidificationcategories.

Anaerobicdigestionhadthelowestimpactsonrespiratoryinorganicsandacidi-
fication.Anaerobicdigestionandpyrolysis–gasificationhadleastoverallenviron-
mentalimpact.LCAfortheend-of-lifewasusedforsevenplasticcomponentsthat
arecommonlyusedinautomotiveapplications.Thepartsincludedthebumper

Table 6.6  Weight percentage of MSW before recycling or composting

Materials Weight percentage of total waste (%)

Paperandpaperboard 28.5

Foodscraps 13.9

Yardtrimmings 13.4

Plastics 12.4

Metals 9

Rubber,leather,andtextiles 8.4

Wood 6.4

Glass 4.6

Miscellaneous 3.4
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covermadefromPP,windshieldwasherfluidcontainermadefrompolyethylene
(PE),air-intakemanifoldmadefrom30%glass-fillednylon,airductmadefrom
20%talk-filledPP,seatcushionmadefrompolyurethanefoam,headlamplenses
madefrompolycarbonate,andmirrorhousingmadefromacrylonitrilebutadiene
styrene(Jenseitet al. 2003).

TheLCAanalysisincludedaneco-efficiencyportfolioforeachplasticpartcom-
paredwithacostanalysis.Plasticscanberecoveredasrecycledplastics,usedfor
energy source in a furnace, or sent to the landfills. The end-of-life scenarios
includedlandfill,municipalincineration,cementkiln,blastfurnace,syngaspro-
duction,andmechanicalrecycling.

TheLCAstudyevaluatedtheeco-environmentportfolioandcostsofsending
theplasticwastetooneoftheend-of-lifescenarios.Theenvironmentalburdens
includedconsiderationsfor10differentenvironmental indicators includingthe
following:

1) Fuelresourcesdepletionpotential
2) Mineralresourcesdepletionpotential
3) Cumulativeenergyrequirement
4) Globalwarmingpotential
5) Photochemicalozonecreationpotential
6) Acidificationpotential
7) Waterpollution
8) Finalwaste
9) Riskandmisusepotential

10) Humantoxicitypotential

TheLCAcomparedtheenvironmentalburdensandcostsassociatedwitheach
plasticpart.Theplasticsareremovedfromthecarfortherecyclingscenarioversus
beingshreddedintoplasticfluffandsenttothewaste-to-energyorlandfillscenar-
ios.Thecostsfordismantlingwereaccountedforinthemechanicalrecyclingoption.

Mechanicalrecyclingoftheplasticsobtainedthelowestcostandlowestenvi-
ronmental burden than energy recovery and landfill options. The LCA work
determinedthatinthecaseswithminimumdisassemblytimeofplasticpartsand
1  :  1 substitution with virgin plastics (PP bumper, HDPE fluid container, and
glass-filled nylon air-intake manifold) mechanical recycling of the plastics
obtainedthelowestcostandlowestenvironmentalburdenthanenergyrecovery
andlandfilloptions.

Mechanicalrecyclingshowedtheworsteco-efficiencyforpartswithhighdisas-
semblycosts.Thepartsincludedairduct,seatcushion,andheadlamplens.Eco-
efficiency was also low if part thickness is increased for recycled plastics.The
increased thicknessof recycledplasticpartscan led to increasedweightof the
plasticpartsandultimatelythevehicle.Inallcasesofplasticparts,useoflandfills
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wasthehighestcostandhighestenvironmentalburdens.Energyrecoveryofthe
plasticthroughablast furnaceprocesshadthelowestcostandlowestenviron-
mentalburdenofallenergyrecoverymethodsthatincludedcementkiln,munici-
palincineration,andsyngasproduction.Thisisduetothehighertemperaturesin
ablastfurnacecomparedwithotherwaste-to-energyprocesses.

6.8  Summary

Disposalmethodsforplasticshaveresultedinenvironmentalimpactsthatcanbe
evaluatedwithLCAs.Thedisposaloptionsforplasticsaretomechanicallyrecycle
theplastic,chemicallyrecycletheplastic,compostthebio-basedplastic,burnthe
plasticintoenergy,orburytheplasticinalandfill.Useoflandfillisthemostcom-
mondisposalmethodforplastics.

Postconsumerrecyclingprocessoccurswhenplasticsaremadeintoproducts,
for example, bottles, bags, film, packaging, used by a consumer, collected by a
wastedisposalcompany,processedintorecycledpelletsatanMRF,andthensold
toplasticcompanies.Mechanicalrecyclingisthemostcommonrecyclingmethod
forplastics.Chemicalrecyclingisaprocessbywhichthepolymerstartingchemi-
calsareretrievedfromtheplasticwithhightemperaturesandintheabsenceof
oxygen.Thechemicalrecyclingprocesscanproduceprimarychemicals topro-
ducenewpolymers.Chemicalrecyclingprocesscanbeusedforpetroleum-based
andbio-basedplastics.

Industrial composting process is a thermophilic chemical process to convert
organicmaterialstocarbondioxide,water,andbiomass.Thecompostingprocess
canbeusedforbio-basedplasticsiftheyarecertifiedascompostable.

Plasticscanbeburnedtocreateenergyinwaste-to-energyfacilities.Thecarbon
sources inplasticcanbea fuelsource forseveral typesofwaste-to-energypro-
cesses,includingmunicipalwastetoenergy,blastfurnace,andcementkiln.

Plastics can be discarded and sent to local landfills for disposal.The landfill
processisthemostcommonend-of-lifeoptionforplasticsandmostsolidwaste.

Mechanicalrecyclingofplasticpartscanprovidetheleastenvironmentalbur-
densthanwastetoenergyandsendingtheplasticstolandfill.Useoflandfillfor
plasticpartscanprovidethehighestenvironmentalburdens.
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7.1  Introduction

As defined previously, sustainable plastic products can be created with lower 
 carbon footprint, lower waste, and lower pollution than conventional plastic prod-
ucts. Plastic products can be used for sustainable plastic packaging, bottles, and 
bags. Life cycle assessments (LCAs) can be used to compare the different options for 
plastic packaging, bottles, and bags. Those three plastic products account for 
approximately 40% of all of the plastic products sold, but approximately 10% of the 
plastic products in a typical landfill and approximately 30% of the plastic waste in 
the oceans.

Sustainable plastic products are made from recycled or bio- based plastics and 
are produced with minimum environmental and social impacts. Sustainable plas-
tic products can be defined as being produced with:

 ● Lower carbon footprint than virgin petroleum- based plastics.
 ● Lower waste generation than virgin petroleum- based plastics.
 ● Lower pollution generation than virgin petroleum- based plastics.
 ● Minimum levels of regulated heavy metals.
 ● Clean manufacturing principles.
 ● End- of- life using composting or recycling processes rather than being sent to 

landfill.
 ● Fair worker wages.
 ● Safe worker environment.

7

Sustainable Plastic Products
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7.2  Sustainable Plastic Packaging

Plastic packaging can be produced with sustainable plastics through the use of the 
definitions presented above. Plastic packaging products account for approxi-
mately 30% of the plastics sold in the United States, and approximately 27% of the 
plastic products sold in Europe (Beswick and Dunn  2002). Sustainable plastic 
packaging can be made from recycled plastics or bio- based plastics, like polyhy-
droxy alkoanates (PHA), Poly lactic acid (PLA), starch, and others. LCAs can be 
used to compare environmental impacts of using recycled or bio- based plastic 
materials for plastic packaging products.

7.2.1  LCAs of Sustainable Plastic Packaging

Sustainable plastic packaging can include plastics made from recycled plastics 
and bio- based plastics. Bio- based plastics for packaging can be made from PLA, 
PHA, and thermoplastic starch. Recycled plastics for packaging can be made from 
PET, PS, PP, high density polyethylene (HDPE), or PLA. Currently, recycled plas-
tics are predominately Polyethylene Terephthalate (PET) and High Density 
Polyethylene (HDPE). The following sections include LCA studies of Polyethylene 
Terephthalate (PET), PLA, Polypropylene (PP), High Impact Polystyrene (HIPS), 
and High Density Polyethylene HDPE.

7.2.1.1  LCA Step 1. Creation of the LCA Goal for Plastic Packaging
The goal of the LCA is to determine the LCAs of plastic packaging with bio- based, 
petroleum- based, and recycled plastics. Sustainable plastic packaging can be com-
pared with virgin PET, PP, and PS for packaging plastic materials.

7.2.1.2  LCA Step 2. Creation of the Life Cycle Inventories 
for Plastic Packaging
Life cycle inventory (LCI) methodology breaks down the plastics manufacturing 
of bio- based plastics, recycled plastics, and virgin plastics.

The manufacturing process for PLA includes the following:

 ● Harvesting corn.
 ● Isolating starch.
 ● Converting starch to dextrose.
 ● Fermenting dextrose to lactic acid via bacteria.
 ● Polymerizing lactic acid to poly lactide pellets.
 ● Extruding PLA into plastic containers.
 ● Creating packaging of plastic trays.
 ● Transporting packaging boxes to retail outlets.
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 ● Consumers using the PLA packaging containers.
 ● Collecting of compostable plastics for compost, incineration, recycling, or landfill.
 ● Incinerating, composting, or sending the PLA packaging to a landfill.

The manufacturing process for virgin PET containers includes the following:

 ● Mining of naphtha.
 ● Producing benzene and ethylene oxide.
 ● Producing ethylene oxide.
 ● Producing ethylene glycol and terephthalic acid.
 ● Polymerizing PET pellets.
 ● Extruding PET into plastic containers.
 ● Creating packaging of plastic trays.
 ● Transporting packaging boxes to retail outlets.
 ● Consumers using the PET packaging containers.
 ● Collecting of compostable plastics for incineration or landfill.
 ● Incinerating or sending the PET packaging to a landfill.

7.2.1.3  LCA Step 3. Creation of the LCAs for Plastic Packaging
The third step in the LCA process is to create a functional group and then recalcu-
late the LCI into functional groupings for environmental impacts. For example, 
the LCI will calculate the energy consumed during the creation of the plastic 
packaging products. The LCA step will group the energy information into 10 000 
containers as an example. Thus, the LCA will provide the energy consumed dur-
ing the creation of 10 000 plastic packaging containers. The LCA will also repeat 
the process for water consumed, CO2eq emission, waste generation, pollution 
generated, and other environmental impacts.

7.2.1.4  LCA Step 4. Interpretation of the Three Previous Steps 
for Plastic Packaging
The fourth step in the LCA process is to interpret the results in the previous three 
steps. For instance, the first step will be reviewed to make sure the goal was 
reached in the LCA process. The goal was to compare the LCA results for plastic 
packaging made from several types of plastic materials. The goal was not changed 
throughout the process and was accomplished through the creation of LCI and 
LCA for plastic packaging products. The assumptions used in the LCA step sup-
port the goal and purpose of the LCA study. The second step was the creation of 
the LCI. The LCI was properly created and supported with the assumptions in the 
LCA step. The LCA assumptions should be reviewed for consistency. For example, 
the assumptions in the third step must support whether to create a cradle- to- gate 
or cradle- to- grave analysis. This constraint is part of the goal creation step.

The following sections provide LCA examples with the four- step LCA process.
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7.2.2  Literature Review of LCAs for Plastic Packaging

LCA can be used to evaluate the environmental impacts of several plastic materi-
als used for clamshells. The LCAs will follow the EPA four- step process. The LCAs 
will provide a goal, LCI, LCA, and interpretation. The LCAs will be compared for 
the LCA results and the process to develop the LCAs.

7.2.2.1  Case 1: LCA of Plastic Food Service Products
The first LCA from Franklin and Associates is dated but can provide a starting 
point in discussing LCAs of plastics for packaging. The Franklin LCA compares 
the environmental impacts of PS, paper, and PLA packaging materials. Franklin 
and Associates use SIM Pro LCA software with a database of LCI data. Food ser-
vice items were produced from polystyrene foam, paper, and PLA. The food ser-
vice items included cups, plates, and clamshells. Only the clamshell data are 
analyzed in the following analysis (LCI Food Service Products 2006).

The assumptions are listed in two groups: product category and scope category. 
The assumptions are listed as follows:

7.2.2.1.1 Assumptions
Product category

 ● Ten thousand clamshell containers with equal carrying capacity.
 ● Ten thousand containers per year.
 ● General purpose polystyrene (GPPS) data came from Franklin and Associates’ 

database.
 ● Mass of the GPPS container was 4.8 g and PLA was 23.3 g.
 ● NatureWorks LLC PLA Ingeo™ LCI data were provided by a PLA report refer-

ence from 2006.
 ● PLA sample mass was measured from actual PLA containers.
 ● Sandwich- size clamshell containers made from GPPS and PLA.

Scope category

 ● Composting of PLA is not considered.
 ● Cradle- to- grave analysis was used. End- of- life options include landfilling and 

waste to energy.
 ● Eutrophication, acidification, and other pollution impacts are not considered.
 ● Recycling of Polylactic Acid (PLA) and Expanded Polystyrene (EPPS) are not 

considered.
 ● Transportation was included for movement of containers to retail stores and for 

collection of postconsumer products.
 ● Eighty percent of the PLA and GPPS clamshells are sent to landfill at end- of- life 

and 20% are sent to waste- to- energy incineration.



7.2 Sustainable Plastic Paccaaina 147

The LCA considers environmental impacts of the process, fuel, end- of life, 
energy material resource, and end- of- life waste- to- energy credit. For appropriate 
comparisons with other LCA studies, we will consider only the environmental 
effects of the process of each material. The environmental categories considered 
are as follows:

 ● Greenhouse gas (GHG) emissions
 ● Energy usage
 ● Waste generation
 ● Water usage

7.2.2.1.2  LCA Results for Case 1
Table  7.1 lists the environmental impacts of PLA and foam PS clamshells. For 
10 000 clamshells, foam PS had lower mass, energy consumption, carbon foot-
print, waste generation, and water consumption. The pollution aspects were not 
considered and no data were provided for eutrophication, acidification, smog gen-
eration, or release of toxic chemicals.

7.2.2.1.3  Sensitivity Analysis
The LCA did not use an equal carrying capacity of foam PS and PLA. The analysis 
assumed a specific gravity of foam PS was 0.8, and the specific gravity of PLA was 
1.2. Thus, with a mass of 4.8 g for the foam PS and 23.3 g for the PLA, the volume 
of the foam container was 6 cm3 and the volume of the PLA container was 
19.3 cm3. The LCA also did not include waste generation, pollution with acidifica-
tion, eutrophication, or toxic generation. Additionally, transportation was not 
considered.

Table 7.1  Environmental impacts of PLA, EPS for 10 000 clamshells.

Environmental impact Foam PS PLA

Units 10 000 10 000

Mass (g) 4.8 23.3

Specific gravity 0.8 1.25

Energy consumed (MJ) 3034.662 13 125.7

Carbon footprint (tons CO2eq) 0.024853 0.118367

Solid waste generated (kg) 40.41723 187.161

Water consumed (l) 423.9648 8611.785
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7.2.2.2  Case 2: LCA of Plastic Packaging Products
The second LCA of packaging materials was provided by IFEU from Germany 
and was commissioned by LCA NatureWorks LLC (2006). The LCA is dated but 
can show the improvement in reduced environmental impacts of PLA in the third 
LCA study (LCA Packaging NatureWorks LLC 2006). The assumptions are listed 
in two groups: product category and scope category. The assumptions are listed as 
follows:

7.2.2.2.1 Assumptions
Product category

 ● Thousand clamshell containers with equal carrying capacity of 500 ml.
 ● Thousand containers per year.
 ● Sandwich-size clamshell containers made from oriented polystyrene (OPS), 

Polypropylene (PP), Polyethylene terephthalate (PET), and Polylactic Acid (PLA).
 ● The masses of the clamshells were 15.2 g (OPS), 16.9 g (PP), 19.9 g (PET), and 

12.2 g (PLA).
 ● The specific gravities of the plastic materials are 1.06 (OPS), 0.9 (PP), 1.25 (PET), 

and 1.22 (PLA).
 ● Solid waste values were calculated based on LCA per kilogram information 

from Franklin and Associates (2011) and Madival et al. (2009), and then extrap-
olated for the mass of 1000 containers.

 ● Water consumed values were calculated based on LCA per kilogram informa-
tion from Franklin and Associates (2011) and Madival et al. (2009), and then 
extrapolated for the mass of 1000 containers.

Scope category

 ● Composting of PLA is not considered.
 ● Cradle- to- grave analysis was used.
 ● End- of- life options include mechanical recycling of 80% for PP, PET, OPS and 

20% energy recovery.
 ● End- of- life for PLA is 80% composted and 20% chemical recycling.
 ● Eutrophication, acidification, and other pollution impacts are considered.
 ● Transportation of plastics is considered.
 ● Eighty percent of the PLA and GPPS clamshells are sent to landfill at end- of- life 

and 20% are sent to waste- to- energy incineration.

The LCA considers fossil fuel consumption, global warming potential, summer 
smog potential, acidification, eutrophication, carcinogenic risk, and human toxic-
ity. The LCA did not consider waste generation or water consumption. To provide 
a more complete LCA, the waste generation and water consumption were calcu-
lated for each plastic based on reference sources.
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The waste generation was calculated based on the mass of each material. If 
most of the waste is generated from the creation of the plastic clamshell, then the 
waste from transportation, use, and end- of- life conditions can be ignored.

7.2.2.2.2  LCA Results for Case 2
Table  7.2 provides the environmental impacts of clamshells made from plastic 
materials. The PLA clamshells had the lower mass, energy consumed, carbon 
footprint, and waste generation than clamshells made from PET, PP, and OPS. PLA 
clamshells consumed more water than clamshells made with PET and PP but less 
water than clamshells made with OPS. PET clamshells produced the least amount 
of chemicals that create eutrophication in the water. PP clamshells produced the 
least amount of chemicals that create eutrophication in the land and the least 
amount of chemicals that produced acidification in the water.

7.2.2.2.3  Sensitivity Analysis
The analysis included chemical pollution and production of chemicals that can 
lead to eutrophication, acidification, summer smog, and human toxicity. The 
mass of the PLA was lighter than the other plastics even though it had a higher 
density than PP and OPS. The LCA claims that PLA can be produced with thinner 
walls due to the high modulus of elasticity for PLA.

7.2.2.3  Case 3: LCA of Plastic Clamshell Products
A third LCA that calculated the environmental profiles of clamshells was created 
for PLA, PET, and PS plastic materials. The LCA was calculated for use as 

Table 7.2  Environmental impacts of PLA, PET, PP, OPS for clamshells.

Environmental impact PLA PET PP OPS

Units 1000 1000 1000 1000

Mass (g) 12.2 19.9 16.9 15.2

Specific gravity 1.22 1.25 0.9 1.06

Energy consumed (MJ) 1100 1700 1500 1500

Carbon footprint (tons CO2eq) 0.03 0.08 0.045 0.065

Solid waste generateda (kg) 0.83 2.72 1.44 1.67

Water consumeda (l) 4.10 2.33 3.25 11.84

Eutrophication, water (g PO4eq) 4 0.8 5.5 0.5

Eutrophication, terrestrial (g PO4eq) 23 22 9 13

Acidification (kg SO2eq) 0.25 0.33 0.13 0.19

a These values were calculated based on creation of pellets from raw materials.
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containers for strawberries. The functional units were 1000 containers that have 
packaging capacity to hold 0.4536 kg of strawberries. The LCA included transpor-
tation effects and provided environmental impact results for global warming, 
energy consumption, aquatic acidification, ozone layer depletion, aquatic 
eutrophication, respiratory organics, respiratory inorganics, land occupations, 
and aquatic eco- toxicity. SimaPro™ LCA software was used to calculate the envi-
ronmental impacts of the plastic materials. The mass of the PET was calculated 
based on the same volume as the PLA clamshell and the density ratio of PET and 
PLA (Madival et al. 2009).

7.2.2.3.1 Assumptions
The assumptions are listed in two groups: product category and scope category. 
The assumptions are listed as follows:

Product category

 ● Thousand clamshell containers with equal carrying capacity of 0.4536 kg of 
strawberries.

 ● Sandwich- size clamshell containers made from GPPS, PET, and PLA.
 ● The masses of the clamshells were 24.2 g (GPPS), 32.55 g (PET), and 29.6 g (PLA).
 ● The dimensions of the clamshell containers, 19 × 16.5 × 7 cm3, were the same 

for all three plastics.
 ● The specific gravities of the plastic materials are 1.052 (GPPS), 1.37 (PET), and 

1.25 (PLA).

Scope category

 ● Composting of PLA is not considered.
 ● Consumer usage and environmental impacts are not considered.
 ● Cradle- to- grave analysis was used.
 ● End- of- life options include mechanical recycling, landfill, incineration, combi-

nations of the three options.
 ● End- of- life scenario in the LCA includes: 23.5% of the clamshells were sent to 

incineration and 76.5% of the clamshells were sent to landfill operations.
 ● Eutrophication, acidification, and other pollution impacts are considered.
 ● Pollution is considered if they exceed governmental regulations in Greene 

Sustainability Index (GSI).
 ● Solid waste values were calculated based on LCA per kilogram information 

from Franklin and Associates (2011) and Madival et al. (2009), and then extrap-
olated for the mass of 1000 containers.

 ● Transportation of plastics is considered during the life cycle of the plastic 
clamshells.
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 ● Water consumed values were calculated based on LCA per kilogram informa-
tion from Franklin and Associates (2011) and Madival et al. (2009) and then 
extrapolated for the mass of 1000 containers.

7.2.2.3.2  LCA Results for Case 3
Table  7.3 provides the environmental impacts of clamshells made from plastic 
materials when incineration and landfill end- of- life options are considered. The 
PLA clamshells had the lower energy consumed and waste generation than clam-
shells made from PET and GPPS. PLA clamshells consumed more water than 
clamshells made with PET but less water than clamshells made with 
GPPS. Clamshells made from GPPS produced the clamshells with the lowest car-
bon footprint and with the least amount of chemicals that create eutrophication 
in the oceans and land.

7.2.2.3.3  Sensitivity Analysis
The LCA is more complete with inclusion of end- of- life, waste generation, pollu-
tion, transportation. The LCA assumes equal stiffness of the clamshell containers 
and equivalent dimensions for each material. GPPS and PLA clamshells may have 
increased thickness and hence increased mass for the containers.

Table 7.3  LCA of 1000 clamshells with transportation including end- of- life scenarios.

Environmental impact PLA PET GPPS

Units 1000 1000 1000

Mass (g) 29.6 32.55 24.2

Specific gravity 1.246 1.37 1.052

Energy consumed (MJ) 2993 4560 4090

Carbon footprint (tons CO2eq) 0.171 0.198 0.165

Solid waste generateda (kg) 2.02 4.59 2.66

Water consumedb (l) 0.12 0.08 0.29

Eutrophication, water (g PO4eq) 0.01603 0.0753 0.0094

Eutrophication, terrestrial (g PO4eq) 23 22 13

Acidification (kg SO2eq) 0.25 0.33 0.19

Summer smog (POCP) 12 68 8

a Solid waste values were calculated based on LCA per kilogram information from Franklin and 
Associates (2011) and Madival et al. (2009).
b Water consumed values were calculated based on LCA per kilogram information from 
Franklin and Associates (2011) and Madival et al. (2009).
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7.2.3  LCA of Sustainable Plastic Containers Made from Bio- Based 
and Petroleum- Based Plastics

Environmental impacts of sustainable plastic containers can be determined with 
the LCA information and the definitions of sustainable plastics. The sustainable 
plastic containers can be made of recycled plastic or bio- based plastics. The end- 
of- life for the plastic is either recycled or composted. Thus, polystyrene is not con-
sidered because sufficient recycled plastic is not available. As a comparison, virgin 
PET is evaluated for LCA. Recycled PET and bio- based PLA can be compared for 
clear sustainable plastic containers. The LCA information from Madival et  al. 
(2009) is used as a starting point. Then, WARM model from EPA is used to esti-
mate the environmental effects of composting the PLA and recycling the PET at 
their end- of- life.

Sustainable packaging and containers include plastics made from bio- based or 
recycled materials for clear packaging plastics. Currently, PS was not considered 
as the recycling rate is low which may be problematic for collecting of sufficient 
quantities of recycled PS. The following assumptions are used with the sustaina-
ble container LCA:

Product category

 ● Thousand clamshell containers of equal carrying capacity are used per year.
 ● The masses of the clamshells were 32.55 g (PET), and 29.6 g (PLA).
 ● The specific gravity of the plastic materials is 1.37 (PET), and 1.25 (PLA).
 ● Cradle- to- grave analysis was used.
 ● End- of- life options include 40% mechanical recycling of PET and 5% compost-

ing of PLA.
 ● EPAWARM model was used for composting of 100 tons of PLA resulting in 

20 tons of CO2eq savings.

Scope category

 ● Eutrophication, acidification, ozone layer depletion, and aquatic toxicity are 
equivalent for recycled PET and virgin PET.

 ● Transportation of plastics is considered for raw materials and containers to 
retail outlets.

 ● Consumer usage and environmental impacts are not considered.
 ● Pollution is considered if they exceed governmental regulations in GSI.
 ● No heavy metals are present in the plastic or in the inks or color concentrates.
 ● Five percent of the PLA clamshells are composted as an end- of- life scenario.
 ● Forty percent of the PET is recycled as an end- of- life scenario.
 ● The manufacturing process utilizes Operation Clean Sweep Practices to 

 minimize pellet loss at plastic manufacturing operations.
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 ● Solid waste and water consumption values were calculated based on LCA per 
kilogram information from Franklin and Associates (2011) and Madival et al. 
(2009), and then extrapolated for the mass of 1000 containers.

The goal of the sustainable packaging LCA is to develop an LCA for recycled 
and bio- based plastics from published data. The first step in the LCA is to incorpo-
rate data from a recent LCA that considered end- of- life options (Madival 
et al. 2009). The research provides data for PLA and PET with 100% landfill as an 
end- of- life scenario. The second step is to modify the data in the LCA report to 
include 5% composting of PLA and 40% recycling of PET. The EPAWARM model 
can be used to provide carbon credits for composting of PLA of 20 tons of CO2eq 
savings/100 tons of PLA. The recycling of PET can provide reduced carbon foot-
print and energy usage, but results in increased waste generation and water con-
sumption (Franklin and Associates 2010). Table 7.4 lists the LCA for 1000 plastic 
containers. The data show that PLA plastic containers had lower global warming 
potential and lower waste generation than virgin and recycled PET containers. 
Recycled PET containers had lower energy consumption than PLA or virgin PET 
containers. PET containers produced fewer chemicals that can cause eutrophica-
tion, acidification, and ozone depletion.

7.2.4  Greene Sustainability Index (GSI) of Sustainable Plastic Containers

The environmental impacts of the plastic materials can be calculated based on the 
data in Table 7.4. Environmental comparisons can be made based on the ratio of 
the environmental impact of the plastic material and a reference material as listed 

Table 7.4  Cradle- to- grave LCA of 1000 sustainable plastic containers.

Environmental impact
PLA with 5% 
composting

rPET with 40% 
recycled content Virgin PET

Container units 1000 1000 1000
Mass (g) 29.60 32.5 32.5
Specific gravity 1.25 1.37 1.37
Energy consumed (MJ) 4000 3107 4500
Global warming potential (tons CO2eq) 0.1047 0.1531 0.198
Solid waste generated (kg) 2.02 6.54 4.59
Eutrophication, water (g PO4eq) 0.01603 0.0753 0.0753
Acidification (kg SO2eq) 1.82 1.34 1.34
Ozone depletion (kg CFC- 11) 0.0000145 0.0000179 0.0000179
Freshwater eco- toxicity (kg, TEG) 33 000 41 600 41 600
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in Table 7.4. For our purposes, we will use PLA as the reference material. Thus, we 
will be able to compare the ways in which different plastic materials have more or 
less environmental impacts of global warming potential, solid waste generation, 
and pollution than the reference material.

The GSI can provide an overall sustainability measurement of the three sustain-
able plastics based on an arithmetic summing of weighted individual environ-
mental factors (Basurko and Mesbahi 2014). An integrated quantitative approach 
was found to provide a holistic assessment of sustainability technologies. The 
methodology measured environmental, economic, and social assessments sepa-
rately and then provided a single measurement of sustainability by summing the 
weighted assessments.

Similarly, the GSI for each of the materials can be found from the ratios of envi-
ronmental impacts of the plastic material with a reference material. PLA can pro-
vide the reference material. The different environmental impact factors can be 
weighted with the following: 50% for GWP, 25% for waste generation, and 25% for 
pollution factor. The pollution factor is an arithmetic average of eutrophication, 
acidification, ozone depletion, and freshwater eco- toxicity. Table  7.5 provides a 
summary of the ratios of environmental impacts of rPET and virgin PET contain-
ers versus the reference containers made from PLA. Table 7.5 shows that contain-
ers made from PLA had lower global warming potential and lowest waste 
generation than containers made from recycled PET and virgin PET. Containers 
made from recycled PET produced less GHGs but generated more solid waste 

Table 7.5  Greene Sustainability Index for sustainable containers using cradle- to- grave 
life cycle assessment.

Environmental impact
PLA with 5% 
composting

rPET with 40% 
recycled content Virgin PET

Global warming potential ratio 1.000 1.115 1.456

Solid waste generation ratio 1.000 3.231 2.267

Eutrophication, water ratio 1.000 4.697 4.697

Acidification ratio 1.000 0.736 0.736

Ozone depletion ratio 1.000 1.234 1.234

Freshwater eco- toxicity ratio 1.000 1.261 1.261

Greene Sustainability 
Index— 50 : 25 : 25

1.000 1.860 1.790

Greene Sustainability 
Index— 60 : 20 : 20

1.000 1.711 1.723
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than virgin PET containers. The GSI results are provided for 50 : 25 : 25 index of 
global warming ratio, solid waste generation ratio, and pollution ratio and for 
60 : 20 : 20 index.

The GSI results reveal that for the 50 : 25 : 25 split, recycled PET containers had 
86% higher overall environmental impacts than PLA clamshells. Similarly, virgin 
PET containers had 79% higher overall environmental impacts than PLA clam-
shells. The GSI results reveal that for the 60 : 20 : 20 split recycled PET containers 
had 71% higher overall environmental impacts than PLA clamshells. Similarly, 
virgin PET containers had 72% higher overall environmental impacts than PLA 
clamshells.

Containers made from recycled PET produce less GHG emission, less waste, 
and less pollution than containers made from virgin PET. Containers made from 
recycled PET produce equivalent chemicals that result in eutrophication, acidifi-
cation, ozone depletion, and freshwater eco- toxicity than containers made from 
virgin PET. Polystyrene was not considered because of the lack of recycled PS 
materials available for production of clamshells.

7.3   Sustainable Plastic Grocery Bags

Sustainable grocery bags can be made with bio- based or recycled plastics, pro-
duced without regulated heavy metals or toxins, made with clean manufacturing 
principles, and produced fair employment and safety practices. LCA can be used 
to provide a sustainable plastic grocery bag. The LCA process can include key ele-
ments of LCA that features consistent functional units, energy, GHGs, waste, and 
pollution that include eutrophication, acidification, toxic chemical release, and 
end- of- life.

7.3.1  Literature Review of LCA of Plastic Bags

Environmental aspects of various bags have been analyzed by several researchers. 
Three LCA studies are summarized in the following. The three studies conducted 
the LCA per ISO standards. The first LCA study, from Boustead Consulting and 
Associates, compares the LCA of single- use plastic bags with single- use paper. 
The “cradle- to- gate” analysis includes the environmental impacts of plastic bags 
from the creation of the plastic from raw materials to plastic pellets. The second 
LCA study, from the paper industry in Hong Kong, compares the environmental 
effects of single- use paper and plastic bags. The “cradle- to- grave” analysis includes 
the environmental impacts of plastic and paper bags over the life cycle of the 
product. The third LCA study, from Hyder Consulting Pty Ltd of Victoria, 
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Australia, is a “cradle- to- grave” analysis that includes EOL and transportation 
impacts. It compares the LCA of single- use plastic and paper bags with reusable 
plastic and cotton bags. The fourth LCA study, from Scottish Executive of 
Edinburgh, Scotland, compares the effects of a bag tax on consumers and the LCA 
of single- use plastic, paper, and compostable bags versus reusable rPET bags.

7.3.1.1  LCA of Plastic Bags from Boustead Consulting
The Boustead report is comprehensive in its evaluation of the LCAs of paper and 
plastic bags. The Boustead report was funded by the American Chemical Council 
Plastics Division. The Boustead report compares LCAs of 1500 plastic bags with 
1000 paper bags and 1000 compostable plastic bags. The 1.5 : 1 ratio was deter-
mined from a Franklin report from 1990, which pointed out that consumer bag-
ging behavior illustrates that plastic- to- paper use ranged from 1 : 1 all the way to 
3  : 1, depending on the situation (Council for SolidWaste Solutions 1990). The 
information for the LCI was taken from Boustead database and plastic suppliers 
(Chaffe and Yaros 2007).

The assumptions in the Boustead LCA study are as follows:

Product category

 ● One- and- a- half plastic bags had equal carrying capacity as one paper bag.
 ● Ten bags were used per week for 52 weeks.
 ● Plastic bags were made from HDPE.
 ● The mass of the plastic bag is 6 g and the paper bag is 52 g.
 ● Paper bag has 30% recycled content.

Scope category

 ● Cradle- to- gate analysis was used, ignoring end- of- life impacts.
 ● Eutrophication, acidification, and other pollution impacts are not considered.

Plastic bags require less energy, fossil fuel, and water than an equivalent num-
ber of paper bags. Also, this LCA reports that plastic bags generate less solid waste, 
acid rain, and GHGs than paper bags. Paper bags weigh significantly more than 
the traditional thin plastic bag and use an energy and water- intensive manufac-
turing process to produce paper bags. The results are listed in Table 7.6.

7.3.1.2  Sensitivity Analysis
The Boustead report provides an acceptable LCA analysis but failed to consider recy-
cled content for plastics and the effects of using reusable bags instead of single- use 
bags. The report uses 30% recycled paper content which might be low. Other paper 
products have higher recycled content. The Boustead report claims equal carry 
capacity of 1.5 plastic bags for each paper bag. The ratio might not reflect actual 
usage of plastic bags that might reflect two or three plastic bags for every paper bag.
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7.3.2  LCA of Plastic Bags from the Paper Industry in Hong Kong

A second LCA report on plastic bags is provided by the paper industry from Hong 
Kong that investigated the environmental effects of paper and plastic bags. The 
results are based on commercial LCA software called SIMAPRO 7.1. The report 
used data from Franklin and Associates. The results show that paper bags had 
higher energy usage, higher carbon footprint, and higher material consumption 
than plastic bags. The study also investigated pollution generation from paper and 
plastic shopping bags with eco- indicator 91. The software considers creation of 
carcinogens, respiratory organic and inorganic, climate change, radiation, ozone 
layer, eco- toxicity, acidification, eutrophication land use, minerals, and fossil 
fuels. The LCA found that paper bags had higher pollution, higher carbon foot-
print, and higher waste generation. Table  7.7 describes the results of the LCA 
(Muthu et al. 2013).

Table 7.6  Life cycle assessments of 1500 plastic bags and 1000 paper bags.

1500 plastic bag 
industry average

1000 paper bag 
(30% recycled)

Paper/plastic 
bag ratio

Total energy (MJ) 763 2622 3.44

Fossil fuel used (kg) 15 23 1.53

Municipal solid waste (kg) 7 34 4.86

Greenhouse emission (tons CO2) 0.04 0.08 2.00

Freshwater usage (gal) 58 1004 17.31

Mass (g, per paper) 6 52 8.67

Table 7.7  Life cycle assessment of plastic and paper bags.

Environmental impact
HDPE plastic 
bag two units

Paper bag (40% recycled 
content) one unit

Ratio, paper/
HDPE bag

Energy consumed (MJ) 1.47 1.68 1.14

Carbon footprint (factor) 0.45 1 2.22

Solid waste generated (kg) 14 50 3.57

Air pollution (kg) 1.1 2.6 2.36

Eutrophication/acidification 
(factor)

0.85 1 1.18

Greene Sustainability Index 1 2.445
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The assumptions in the LCA study are as follows:

Product category

 ● Two plastic bags had equal carrying capacity as one paper bag.
 ● Ten bags per week for 52 weeks were used.
 ● Plastic bags were made from HDPE and low density polyethylene (LDPE).
 ● The mass of the plastic bag is 6 g and the paper bag is 42.6 g.
 ● Paper bag has 40% recycled content.

Scope category

 ● Cradle- to- gate analysis was used, ignoring end- of- life impacts.
 ● Eutrophication, acidification, and other pollution impacts are considered.

The LCA found that the lighter plastic bag had less environmental impacts than 
paper bags, with less energy consumed, less carbon footprint, less solid waste gen-
erated, less air pollution, and less eutrophication/ acidification.

7.3.2.1  Greene Sustainability Index of Plastic Bags
The GSI can be calculated based on the data provided by Muthu et al. (2013). The 
GSI can provide an overall sustainability measurement of the plastic bag. The 
overall index for each of the materials can be found with the weighting factors of 
50% for GWP, 25% for waste generation, and 25% for pollution factor. The pollu-
tion factor is an arithmetic average of eutrophication, acidification, and air pollu-
tion. The GSI results reveal that paper bags have approximately 245% more 
negative environmental effects than HDPE plastic bags.

7.3.3  Reusable Plastic Bags

Plastic bags can be designed and manufactured for reusable use. The reuse of 
plastic bags can reduce the environmental effects by the number of reuses that 
occurs. The GHG emissions, waste generation, energy usage, water usage, pollu-
tion generation, and other environmental impacts can be divided by the number 
of uses for the bag. The water usage may increase as reusable bags should be 
washed if they are used to carry meats of dairy. Washing of reusable plastic bags 
can reduce the level of bacteria present in the bag.

7.3.3.1  Australian LCA of Reusable rPET Bags
An LCA report on plastic bags, from Consulting Pty Ltd of Victoria, Australia, 
compares the environmental impacts of shopping bag alternatives for carrying 
goods in Australia. The Australian report was funded by Sustainability Victoria, 
which was created from the Sustainability Victoria Act 2005. The LCA data in the 
report were updated from an earlier LCA report from an Australian University of 
Design for RMIT in 2002 with more accurate values of recycling rates, bag mass, 
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and bag capacity. The HDPE plastic grocery bag was compared with bags made 
from paper, compostable plastics, cotton, and polypropylene. The cotton and poly-
propylene bags were reusable bags (Dili 2007).

The assumptions in the Australian LCA study are as follows:

Product category

 ● Equal carry capacity of the bags that can carry seven grocery items.
 ● The masses of the plastic bags were HDPE of 7 g, Kraft paper of 43 g, PP of 95 g, 

and cotton of 85 g.
 ● Each shopping trip would require 10 bags/week for 52 weeks.

Scope category

 ● End- of- life included 75% of single- use HDPE plastic bags sent to landfill, 19% 
reused as trash liners then sent to landfill, 5% recycled, and 0.5% discarded as litter.

 ● End- of- life included 99.5% of reusable PP plastic bags sent to landfill and 0.5% 
discarded as litter.

 ● Cradle- to- grave analysis was used.
 ● Eutrophication, acidification, and other pollution impacts were not considered.

The Australian study used an LCA software called SimaPro 5.1 to assess the 
environmental impact of the carrier bags. The LCA analysis included production 
of raw materials, manufacturing of the bags, transportation of the bags to retailers, 
and disposal of the bags at the end- of- life. Australian data are used for energy 
production, material production, transportation, recycling, and waste disposal. 
The Australian study found that the reusable polypropylene bags had the least 
amount of environmental impact. The cotton reusable bag had low environmental 
impact except for high water usage. The results of the study are listed in Table 7.8 
with relative ratings of 1 (preferred) to 5 (unacceptable).

Table 7.8  Environmental impact of grocery bags in Australia.

Bag material
Energy 
consumption

GHG 
(CO2eq)

Water 
use Disposal options

PP reusable bag 1 1 1 Recycle at major super markets

Cotton calico 
reusable bag

1 1 5 No recycling, sent to landfill

HDPE single- 
use bag

4 2 1 Recycle at major super markets

Kraft paper 
single- use bag

5 5 2 Reused as trash liner and sent 
to landfill
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7.3.3.1.1  Sensitivity Analysis
The Australian report was a good evaluation of the importance of reusable bags. 
The report did not provide enough information on the assumptions of the data for 
the LCA. The report though is limited by the different carrying capacities of the 
plastic and paper bags. The report does show the importance of using recycled 
plastics in the manufacture of single- use bags, but does not show the use of recy-
cled plastics for reusable bags.

7.3.3.2  Scottish LCA of Reusable rPET Bags
An LCA report on reusable plastic bags from Scotland and the United Kingdom 
studied the environmental effects of taxes on several plastic bag scenarios. The 
Scottish report acknowledged the Scottish Waste Strategy Team, Carrier Bag 
Consortium, Convention of Scottish Local Authorities, Friends of the Earth 
Scotland, Scottish Retail Consortium, and The Scottish Environment Protection 
Agency for direction and support during the project. The report used LCA to eval-
uate the environmental effects of grocery bag consumer choices. The report found 
that assessing a tax would reduce the use and prevalence of plastic in the environ-
ment and that consumption of non- renewable energy, solid waste, GHG emis-
sions, and eutrophication of lakes and rivers would be significantly less (Cadman 
et al. 2005).

The assumptions of the Scottish LCA report are listed in the following:

Product category

 ● Two plastic bags had equal carrying capacity as one paper bag.
 ● Ten bags per week for 52 weeks were used.
 ● Volume of paper bag is 20.5 l (paper/plastic bag ratio is 1.46 : 1).
 ● Single- use plastic bags were made from HDPE.
 ● Reusable plastic bags were made from LDPE.
 ● Recycling content of the paper bag was 40%.
 ● The mass of the single- use plastic bag is 6 g and the paper bag is 52 g.

Scope category

 ● Cradle- to- grave analysis was used.
 ● End- of- life impacts assume 45% of paper bags are recycled, 25% of paper bags 

are incinerated, and 26% of paper bags resent to landfill.
 ● Plastics bags were incinerated or sent to landfills.
 ● Eutrophication, acidification, and other pollution impacts are considered.

The Scottish report uses LCA data from a French study (Carrefour 2004). The 
Carrefour LCA study examined energy, fuel, water, and other resource require-
ments for production, manufacture, use, and disposal of several plastic bags. The 
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study considered plastic grocery bags, reusable polyethylene bags, Kraft paper 
bags with recycled paper content, and compostable plastic bags. The Carrefour 
LCA study assessed the environmental impact of the energy use, fuel and other 
resource use, waste generation, GHG emissions, and pollutant emissions. The 
results are summarized in Table 7.9 for eight environmental indicators with rela-
tive ratings of 1 (preferred) to 5 (unacceptable).

The report found that reusing plastic bags created comparably low environmen-
tal impact. The reusable bags must be used more than four times to have equiva-
lent environmental impacts as using single- use plastic bags four times. After 
reusable plastic bags are used more than 20 times, the environmental impacts of 
water use, GHG emissions, acid rain, ozone formation, eutrophication, and solid 
waste can be reduced more than 90% rather than using single- use plastic bags.

The report found that most negative environmental impacts come from the pro-
duction of the plastic pellets and paper from the raw materials in the first stage of 
manufacturing. The second manufacturing stage of conversion of the pellets and 
paper into plastic and paper products that are sent to retailers has less environ-
mental impact but not negligible. The end- of- life scenarios for grocery bags can 
have significant impact on the creation of solid waste in the environment.

Other environmental indicators include eutrophication and acid rain genera-
tion. The environmental effects on polyethylene and polypropylene reusable bags 
would be similar due to the similar plastic chemistry and process to manufacture 
the bags. The Scottish report found that reusable bags have significantly less 
eutrophication and acid rain generation than single- use plastic.

The results from the Scottish report demonstrate that synthetic reusable bags 
have lower environmental impacts than all other types of lightweight carrier bags, 

Table 7.9  Environmental indicators for plastic and paper bags in Scottish report.

Indicator of 
environmental impact

Single- use 
HDPE 
plastic bag

Reusable LDPE 
plastic bag 
(used 4×)

Reusable LDPE 
plastic bag 
(used 20×)

Single- use 
paper bag

Non- renewable energy 1.0 0.7 0.1 1.1

GHG emissions 1.0 0.6 0.1 3.3

Solid waste 1.0 0.7 0.1 2.7

Water use 1.0 0.6 0.1 4.0

Acid rain 1.0 0.7 0.1 1.9

Eutrophication 1.0 0.7 0.1 14.0

Ozone formation 1.0 0.3 0.1 1.3



7 Sustainable Plastic Products162

Table 7.10  Cradle- to- grave process steps for plastic bags.

Steps
Grocery bag: 
HDPE

PE Reusable 
PCR PP non- woven

1 Produce plastic pellets from oil 
and natural gas

X X X

2 Ship pellet to convener X X X

3 Convert pellet to film X X X

4 Convert film to non- woven X

5 Ship product to retail stores X X X

6 Consumer uses bag first time X X X

7 Consumer uses bag multiple 
times per year

X X

8 Consumer washes 20% of the 
reusable bag weekly

X X

9 Consumer recycles plastic bag X X

10 Consumer throws plastic in trash 
for landfill

X

including paper, plastic, or degradable plastic. The report did not list environmen-
tal indicators of reusable polypropylene plastic bag. The report could go further by 
studying a reusable plastic bag made from recycled plastics.

7.3.3.3  New LCA Development for Reusable Plastic Bags: 
Step 1 – Development of the Goal
The environmental impacts of reusable plastic bags can be compared with the 
environmental impacts of single- use plastic grocery bags. The environmental 
impacts of reusable and single- use plastic bags with equal carrying capacity can 
be evaluated with LCA. The reusable plastic bags are single- use HDPE, reusable 
LDPE with 40% postconsumer recycled content, recycled PP, and recycled PET. In 
our case, 1500 single- use plastic bags will be compared with 1000 reusable plastic 
bags for equal carrying capacity. The cradle- to- grave process steps for plastic bags 
manufacturing and use are shown in Table 7.10 (Greene 2011).

The consumer has the ability to recycle polyethylene bags because the recycling 
infrastructure is in place in the United States. Polyethylene plastic bags can be 
made from recycled LDPE from stretch wrap film recycling sources (Roplast 
Industries  2013). Reusable PP non- woven plastic bags are not readily recycled, 
due in part to the design of the PP non- woven plastic bag. rPET bags can be made 
from recycled PET plastic bottles (ChicoBag Company 2013).
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7.3.3.4  New LCA Development for Reusable Plastic Bags: 
Step 2 – LCI Development
The second step of the LCA process, LCI, tabulates the energy, fuel, water, and 
material inputs needed to produce and use plastic and paper bags and also lists 
solid waste that are created when the products are made, used, and thrown away 
for plastic and paper bags. Polyethylene can have three types of resins that are 
used for plastic bags, namely, Linear Low Density Polyethylene (LLDPE), LDPE, 
and HDPE. HDPE is commonly used for single- use grocery bags. LLDPE and 
LDPE are commonly used for trash bags and for thicker department store bags.

Each of the three polyethylene plastics can be used for reusable plastic grocery 
bags. Each of the process steps from Table 7.10 has environmental aspects that 
affect energy usage, water usage, GHG emissions, pollution, and solid waste 
generation.

Table  7.11 lists the cradle- to- gate aggregate US- averaged values of energy 
required, solid waste, and GHGs produced during the production of polyethylene 
and polypropylene. Polyethylene and polypropylene are made from natural gas 
and petroleum. The amount of energy and water that are needed to make polyeth-
ylene and polypropylene plastic pellets well as the amount of solid waste, pollu-
tion, and GHG generated during production is provided in Table  7.11. The 
polyethylene pellets are extruded and then blown into plastic bags with a blown 
film extrusion line. Similarly, polypropylene pellets are extruded in a sheet 
extruder and pressed into non- woven film that is sewn into a bag.

Table  7.11 shows that PP requires less energy to produce pellets, and also 
then  produces less GHG due to the lower energy use. PP produces more solid 
waste than polyethylene during the manufacturing of plastic pellets. The solid 
waste and GHG information can be used to compare the environmental benefits 
of using recycled plastic as a source for plastic bags rather than virgin plastic. If 
recycled plastics are used for plastic bags, then the amount of energy needed to 
produce the virgin plastic can be saved when using recycled plastics because 
the plastic pellet is already available and does not need to be created from raw 
materials (Franklin and Associates 2011).

Table 7.11  LCA of plastic pellet manufacturing of four plastic materials per 1000 kg.

Plastic Energy (GJ) Solid waste (kg) GHG (tons CO2)

HDPE 69 78 1480

LDPE 74 79 1480

PET 70.4 141 2733

PP 63 83 1340
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Figure 7.1  Process flow of inputs and outputs for plastic bag manufacturing, use, and 
end- of- life.

Figure 7.1 describes the energy and resource inputs during the production and 
use, and disposal of plastic bags as well as the waste, GHG, and pollution genera-
tion. The cradle- to- grave analysis calculates the environmental impacts of creating 
plastic pellets from raw materials, transporting them to the plastic bag converter, 
producing the plastic bags, and transporting the plastic bags to the retailers. The 
LCA is influenced by choices that consumers make on single- use versus reusable 
bags, and choices that consumers make on recycling, waste disposal, or waste- to- 
energy end- of- life options.

LCI of the plastic bag manufacturing process can be determined based on the 
data from the Boustead report, the Australian report, and the Scottish report. The 
methodology used in this report combines the data from the Boustead report with 
the reusable bag data from the Australian and Scottish report.

The methodology for the new LCA normalizes the Boustead data energy use, 
GHG emissions, water usage, and waste generation for polyethylene plastic bags 
to the mass of the bag. The functional unit for the LCA analysis is a plastic bag of 
equal carrying capacity that would be used in one- year timespan by consumers. 
The analysis assumes one trip per week that includes 10 bags.

The normalized Boustead data used in the LCA analysis include values of 
energy use, GHG emissions, water usage, and waste generation per kilogram of 
polyethylene. The reusable polyethylene and polypropylene bags will have the 
same dimensions without including handles. The reusable polyethylene thickness 
is 0.003 in., whereas the reusable polypropylene bag is 80 grams per square meter 
(GSM) of bag. The LCA of polypropylene is calculated based on combining the 
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Boustead data with the PP pellet manufacturing data from Table 7.8. The LCA of 
the PP per kilogram is calculated to include GHG emissions, energy usage, water 
usage, and waste generation per kilogram or PP.

The LCA of reusable polyethylene and polypropylene bags is calculated by mul-
tiplying the per kilogram LCA by the mass of the reusable bags. Thus, we can 
determine the energy use, GHG emissions, water usage, and waste generation of 
three bags, that is, HDPE grocery bag (Boustead data), reusable polyethylene bag 
(modified Boustead data), and reusable non- woven polypropylene bag (modified 
Boustead data).

Finally, the environmental credits for using recycled polyethylene in the reusa-
ble polyethylene bag are determined by subtracting the amount of energy use, 
GHG emissions, water usage, and waste generation from the virgin resin that was 
replaced by the recycled plastic, and adding the amount of energy and GHG pro-
duced by converting the recycled polyethylene to plastic pellets.

The assumptions of the new LCA are listed in the following:

Product category

a) One- and- a- half plastic bags had equal carrying capacity as one paper or reus-
able bag.

b) Ten bags per week for 52 weeks were used.
c) Single- use plastic bags were made from HDPE with a mass of 6 g each.
d) Reusable plastic bags were made from LDPE with 40% recycle PCR, rPET with 

90% recycled PCR, and PP.
e) The masses of the reusable plastic bags were 44 g for LDPE, 42 for PP, and 45 g 

for rPET.
f) Paper bags were made with 40% recycled content with a mass of 52 g.
g) The Boustead data for single- use HDPE bag can be used to represent the man-

ufacturing process of the thicker reusable polyethylene bag because it is made 
with the blown film extrusion process.

h) The Boustead data for single- use HDPE bag can be modified to represent the 
manufacturing process of the thicker reusable non- woven polypropylene bag 
because the non- woven PP bag is made with sheet extrusion process that 
requires similar energy use as blown film extrusion.

i) The production of PP non- woven bags has the same values for GHG, waste 
generation, energy usage, and water usage as HDPE blown film bags.

j) The non- woven PP bag is 80 GSM. The two options for polypropylene non- 
woven bags are 80 and 100 GSM based on industry standards.

k) Reusable polyethylene is manufactured in California and distributed through-
out the United States.

l) Reusable rPET plastic bag is manufactured in California and distributed 
throughout the United States.
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m) The rPET reusable plastic bag is made from 99% recycled PET.
n) The dimensions of the non- woven reusable bag are the same as the dimensions 

of the polyethylene reusable bag. The difference is the thickness of the bags.
o) For 40% recycled LLDPE and 99% recycled PET, the energy, GHG, waste, and 

water that are required from the pellet production are subtracted from the bag 
manufacturing minus the conversion costs of the recycled plastics to pellets.

p) Recycled PET bottles are converted into fiber and then into sheet for manufac-
turing into plastic bags.

q) 13 GJ of energy/ton is required to convert recycled PET bottles to fiber (Shen 
et al. 2011).

r) PET fiber to PET fabric assumes 131.7 MJ/kg PET fiber (Shen et al. 2011).
s) Energy usage conversion to GHG emissions was scaled from European data to 

USA LCA calculations with LCA information on plastic bags (Chaffe and 
Yaros 2007).

t) Eutrophication, acid rain, and ozone formulation values are created from the 
Scottish report (Cadman et al. 2005).

u) Eutrophication, acid rain, and ozone formulation values are equivalent for the 
reusable plastic bags.

Scope category

a) Cradle- to- grave analysis was used.
b) Plastics bags were incinerated or sent to landfills.
c) Eutrophication, acidification, and other pollution impacts are considered.
d) Transportation of non- woven polypropylene from China to Los Angeles has a 

distance of approximately 11 000 km. The GHG emissions from fuel consump-
tions are approximately 3% of the overall GHG emissions from the bag manu-
facturing based on data from the Australian report.

e) Recycled LDPE film into plastic bags does not include washing procedures in 
the recycling process.

f) Transportation of reusable non- woven polypropylene, rPET, and polyethylene 
bags throughout the United States accounts for 1% of the overall GHG emissions.

g) CO2 emissions from the transportation of the rPET reusable bags from 
Vietnam/China to the United States account for 3% of the overall global warm-
ing potential of the bags.

h) The energy impacts of washing and drying reusable bags were not considered.

The LCI includes the manufacturing of plastic pellets and paper from raw mate-
rials, the conversion of plastic pellets into plastic bags, conversion of paper into 
paper bag, and transportation to the retail stores. The “cradle- to- grave” analysis 
can illustrate the environmental benefits of reusing the plastic bag and the bene-
fits of using recycled plastic.
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7.3.3.5  Bags Step 3: Life Cycle Assessment
The third step of the LCA process, life cycle impact assessment, takes the inven-
tory of energy, fuel, water, materials, pollution, and waste and rearranges them in 
terms of the scope from the first step, to provide a comparison of environmental 
measures. In our case, the amount of energy, water, materials, and fuel needed to 
make 1500 plastic grocery bags can be compared with the amount of energy, 
water, materials, and fuel needed to make 1000 reusable plastic bags and 1000 
paper bags.

Likewise, the pollution, GHGs, and solid waste produced to make 1500 plastic 
grocery bags will be compared with the waste produced from 1000 reusable plastic 
bags and 1000 paper bags.

Table 7.12 lists the cradle- to- gate LCI of single- use plastic bags, single- use paper 
bags, reusable non- woven polypropylene plastic bags, and reusable polyethylene 
(LLDPE) plastic bags. The table lists grocery bags with equal amount of carrying 
capacity for up to one year or 52 weeks.

Single- use paper bags are presented as a comparison. The LCA data for paper 
bags are from the Boustead report. Recycling content is included in the reusable 
polyethylene bag. The reusable bags are washed at a rate of 20% of the bags over 
the time period in the table. The single- use plastic bag is smaller than the reusable 
and paper bags. Thus, 1500 single- use plastic bags have similar carrying capacity 
as 1000 reusable plastic and single- use paper bags. This is consistent with the 
Boustead report.

The data in Table  7.12 represent the environmental impacts of using equal 
 carrying capacity bags for one year. Table 7.12 illustrates that single- use reusable 

Table 7.12  Cradle- to- gate LCA of single- use plastic and paper bags, and reusable plastic 
bags.

Environmental 
impact indicator

1500 HDPE 
single- use 
bag

1000 Reusable 
LLDPE with 40% 
PCR bag used 
52 times

1000 Reusable 
PP non- woven 
used 52 times

1000 
Reusable 
rPET used 
52 times

1000 
Paper bag 
single- use

Non- renewable 
energy (GJ)

763 57 72 125 2620

GHG emissions 
(CO2eq)

0.04 0.003 0.005 0.007 0.08

Solid waste (kg) 7 0.106 0.106 0.333 34

Freshwater 
consumption (l)

99.6 18.9 18.9 11.16 1000

Mass (g) 6 44 42 45 52
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bags made from polypropylene or polyethylene have significantly worse environ-
mental impacts than the single- use polyethylene bags. The reusable bags have a 
better environmental impact if they are used more than eight times, which is an 
environmental crossover point for reuse. The reusable plastic bags have signifi-
cantly better environmental impact if they are used 52 times (once a week for 
12 months) or more.

Table  7.12 also illustrates that the reusable polyethylene bag has the lowest 
environmental impact than the reusable polypropylene bag due to the use of recy-
cled polyethylene plastic or PCR. Paper bags have a negative environmental 
impact compared to single- use plastic bags and reusable plastic bags.

The data in Table 7.12 can be normalized to evaluate the environmental impacts 
of reusable and single- use plastic bags if the data for each bag type is divided by 
the data from single- use plastic bags. Table 7.13 lists the normalized values for 
reusable and single- use plastic bags.

7.3.3.6  Greene Sustainability Index (GSI) of Reusable Plastic Bags
The GSI can be calculated based on the data listed in Table 7.13. The data can be 
rearranged with the LLDPE reusable plastic bag as the reference. Table 7.14 lists 
the environmental impacts of reusable and single- use plastic bags with the reus-
able plastic bag as the reference material. The GSI can provide an overall sustain-
ability measurement of the plastic bags. The overall index for each of the materials 

Table 7.13  Normalized cradle- to- gate LCA of single- use plastic and paper bags, 
and reusable plastic bags.

Environmental 
impact indicator

1500 HDPE 
single- use 
bag

1000 Reusable 
LLDPE with 
40% PCR bag 
used 52 times

1000 Reusable 
PP non- woven 
used 52 times

1000 
Reusable 
rPET used 
52 times

1000 
Paper bag 
single- use

Non- renewable 
energy (GJ)

1 0.07 0.09 0.16 3.43

GHG emissions 
(CO2eq)

1 0.08 0.13 0.18 2.00

Solid waste (kg) 1 0.02 0.02 0.05 4.86

Freshwater 
consumption (l)

1 0.19 0.19 0.11 10.04

Acid rain 1 0.1 0.1 0.1 1.9

Eutrophication 1 0.1 0.1 0.1 14

Ozone formation 1 0.1 0.1 0.1 1.3
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can be found with the weighting factors of 50% for GWP, 25% for waste genera-
tion, and 25% for pollution factor. The pollution factor is an arithmetic average of 
eutrophication, acidification, and air pollution. We can assume that the pollution 
impact would be equal for LDPE, rPET, and PP. The GSI can be calculated based 
on the data in the previous table. Table 7.13 lists the normalized environmental 
effects of single- use plastic and paper bags versus reusable plastic bags.

The GSI results reveal that after 52 uses, single- use plastic bags have approxi-
mately 25 times more negative environmental effects than reusable rLLDPE plas-
tic bags with 40% PCR. Paper bags have approximately 108 times more negative 
environmental effects than a reusable rLDPE plastic bag made with 40% PCR. The 
PP reusable plastic bag has equivalent negative environmental effects as a reusa-
ble rLDPE plastic. The rPET reusable plastic bags have twice the negative environ-
mental effects as a reusable LDPE plastic. Paper bags have approximately 12 times 
more negative environmental effects than a reusable rPET plastic bag.

7.4   Life Cycle Assessment of Sustainable 
Plastic Bottles

Sustainable plastic bottles can be made with bio- based or recycled plastics, pro-
duced without regulated heavy metals or toxins, and made with clean manufac-
turing principles, and fair employment and safety practices. LCA can be used to 

Table 7.14  Normalized cradle- to- gate LCA with LLDPE as the reference material.

Environmental 
impact indicator

1000 Reusable 
LLDPE with 
40% PCR bag 
used 52 times

1000 Reusable 
PP non- woven 
used 52 times

1000 
Reusable 
rPET used 
52 times

1500 HDPE 
single- use 
bag

1000 Paper 
single- use 
bag

Non- renewable 
energy (GJ)

1 1.26 2.19 13.39 45.96

GHG emissions 
(CO2eq)

1 1.67 2.33 13.33 26.67

Solid waste (kg) 1 1.00 3.14 66.04 320.75

Freshwater 
consumption (l)

1 1.00 0.59 5.27 52.91

Acid rain 1 1.00 1.00 10 19

Eutrophication 1 1.00 1.00 10 140

Ozone formation 1 1.00 1.00 10 13

GSI 1 1.33 2.20 25.68 107.86
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provide a sustainable plastic bottle. The LCA process can include key elements of 
LCA, which features consistent functional units, energy, GHGs, waste, and pollution 
that include eutrophication, acidification, toxic chemical release, and end- of- life.

LCA can be used to compare the sustainability of bottles made from PLA, 100% 
recycled PET, and virgin PET. The sustainability will be evaluated with criteria 
defined previously as reductions in global warming potential, reductions in waste, 
and reductions in pollution.

7.4.1  LCAs Literature Review of Plastic Bottles

The first LCA from Franklin and Associates compares the environmental 
impacts of PET, rPET, and PLA (LCI Summary for PLA  2013). Franklin and 
Associates use SIM Pro LCA software with a database of LCI data. The LCA 
used the same methodology as in the report, “Life Cycle Inventory of Five 
Products Produced from PLA and Petroleum- Based Resins” (LCI of Five 
products 2013).

The assumptions in the LCA study are listed as follows:

Product category

 ● Ten thousand water bottles with capacity of 12- ounces each.
 ● Caps and labels for each bottle were ignored in the analysis because they are 

equivalent for all bottles.
 ● Higher heating values for PLA and PET are 19 and 26 MJ/kg, respectively.
 ● Ingeo PLA resin data were referenced with 16% reduction in energy usage and 

35% reduction in CO2eq per kilogram Ingeo PLA plastic (Vink et al. 2010).
 ● The mass of the PLA bottle was 21.0 g and the mass of PET bottle was 20.3 g.
 ● PET resin data were referenced from the US LCI database at http://www.nrel.

gov/lci/.
 ● PLA resin data were referenced from “Life Cycle Inventory of Five Products 

Produced from PLA and Petroleum- Based Resins.”

Scope category

 ● Composting of PLA is not considered.
 ● Cradle- to- grave analysis was used. End- of- life options include landfilling (80%), 

waste to energy (20%), and recycling of PET at a rate of 23.5%.
 ● Eutrophication, acidification, and other pollution impacts are considered.
 ● Transportation was included for the movement of plastic resins from resin pro-

ducers to bottle converters, for example, PLA had 425 000 miles by combination 
truck, PET had 9000 miles by combination truck.

 ● Water eutrophication data and acidification data were modified from the IFEU- 
Heidelberg data for 1000 clamshells.

http://www.nrel.gov/lci/
http://www.nrel.gov/lci/
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The data were interpolated to equivalent mass of water bottles in the current 
study (LCA NatureWorks LLC 2009).

The LCA considers environmental impacts of the process, fuel, end- of- life, and 
energy material resource. The environmental categories considered are:

a) Greenhouse gas emission (CO2 equivalent)
b) Energy usage (GJ)
c) Waste generation (kg)
d) Pollution (eutrophication and acidification)

Table 7.15 lists the environmental impacts of plastic bottles produced from PLA, 
PET, and rPET with 25% PCR recycled content.

7.4.2  Greene Sustainability Index of Sustainable Plastic Bottles

LCAs can compare the GHG generation, waste generation, and pollution genera-
tion for each scenario. The GSI can be used to compare the disposal options of 
plastic products. The weighting factors are 50% for generation, 25% for waste gen-
eration, and 25% for pollution generation. The weighting factors are factored with 
the most impact on cost for a Plastics manufacturing operation. Reductions in 
GHG, waste generation, and pollution can be done with lowering energy costs, 
lower disposal costs, and lower cleanup costs.

The GSI can be calculated based on the data in Table 7.16. The GSI will provide 
an overall sustainability measurement of the four sustainable plastics.

Table 7.16 lists the environmental impacts of plastic bottles. The GSI for each of 
the materials can be found with the weighting factors of 50% for GWP, 25% for 
waste generation, and 25% for pollution factor. The pollution factor is an arithme-
tic average of eutrophication and acidification.

Table 7.15  Environmental impacts of PLA, PET, and rPET bottles.

Environmental impact
PLA with 
2005 data Virgin PET

rPET 
(25% PCR) PLA dataa

Energy consumed (MJ) 19 000 16 600 15 200 16 568

Global warming potential (tons 
CO2eq)

0.744 0.757 0.71 0.536

Solid waste generated (kg) 168 163 144 168

Eutrophicationa, water (g PO4eq) 99.26 38.87 34.79 80.79

Acidificationa (kg SO2eq) 5.30 3.47 3.11 4.59

a Data modified from LCA Nature Works LLC (2009).
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The GSI results reveal that the new PLA resin bottles and recycled PET bottles 
have equivalent environmental impacts. The new PLA has 10% lower environ-
mental impacts than virgin PET bottles and 24% lower environmental impacts as 
PLA from 2005 data.

7.4.3  Sensitivity Analysis

The LCA calculations on bottles provide an acceptable LCA analysis but failed to 
consider in- depth fuel data and the eutrophication data for PET was zero.

7.5   Summary

Sustainable plastic products can be created with lower carbon footprint, lower 
waste, and lower pollution than conventional plastic products. Plastic products 
can be used for sustainable plastic packaging, bottles, and bags. LCAs can be used 
to compare the different options for plastic packaging, bottles, and bags.

Sustainable plastic packaging can be made from recycled plastics or bio- based 
plastics, like PET, HDPE, PHA, PLA, starch, and others. Life cycle assessments 
show that containers made from PLA had lower global warming potential, lower 
pollution, and lower solid waste generation than containers made from recycled 
PET and virgin PET. Containers made from recycled PET produce less GHG emis-
sion, less waste, and less pollution than containers made from virgin 
PET. Containers made from recycled PET produce equivalent chemicals that 
result in eutrophication, acidification, ozone depletion, and freshwater eco- 
toxicity than containers made from virgin PET.

Table 7.16  Normalized environmental impacts for sustainable bottles using cradle- to- 
grave life cycle assessment.

Environmental impact
PLA with 
2010 data

PLA with 
2005 data Virgin PET rPET (25% PCR)

Energy consumed (MJ) 1 1.15 1 0.92

Global warming potential 
(tons CO2eq)

1 1.39 1.41 1.32

Solid waste generated (kg) 1 1 0.97 0.86

Eutrophication, water (g PO4eq) 1 1.23 0.48 0.43

Acidification (kg SO2eq) 1 1.16 0.76 0.68

GSI 1 1.24 1.1 1.02
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Sustainable plastic bags can be made from recycled plastics or made to be used 
multiple times. After 52 uses, reusable plastic bags can result in significantly 
lower GHGs, waste, and pollution. After 52 uses, single- use plastic bags have 
approximately 25 times more negative environmental effects than reusable LLDPE 
plastic bags with 40% PCR. Paper bags have approximately 108 times more nega-
tive environmental effects than a reusable rLDPE plastic bag made with 40% 
PCR. Sustainable plastic bottles can be made with bio- based PLA and recycle PET 
plastics. Plastics bottles made with PLA resin and recycled PET have equivalent 
environmental impacts. PLA and recycled PET bottles have 10% lower environ-
mental impacts than virgin PET bottles.
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8.1  Introduction

Biodegradable plastics are available throughout the world. Biodegradable plastics 
can be made with reduced carbon emissions, reduced waste, and reduced toxic 
pollution compared to traditional petroleum- based plastics. Typically, plastics 
account for 10% by weight or 20% of the volume of the landfill. Organic food waste 
can account for 20–30% of the landfill weight and 30–40% of the volume. 
Biodegradable plastics can reduce the amount of food waste and plastic waste if 
they are used to wrap or package the food items and then sent to industrial com-
posting facilities rather than to landfills.

Biodegradation is an important feature of biodegradable plastics. Two essential 
components of the biodegradation process are that the material must be a food 
source for the bacteria in the disposal environment and that the biodegradation 
must take place within a short time period, typically six months. Therefore, bio-
degradation can occur in an industrial compost environment for biodegradable 
plastics if they are used as a food source for the bacteria in the compost and that 
they are consumed within a short time span. Likewise, biodegradation can occur 
in the marine environment if the bacteria in the seawater consume a major por-
tion of the plastic within a short time span. Biodegradation standards are created 
to capture these essential components. These standards define the environment of 
biodegradation and the time of biodegradation. Thus, plastic materials can be 
defined as biodegradable in a compost environment if they biodegrade in one 
growing season or six months. Alternatively, materials can be properly defined as 
biodegradable in the marine environment if they partially biodegrade within six 
months. This chapter describes the worldwide biodegradation standards for 
 biodegradable plastics, including starch- based plastics, in common disposal 

8
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environments, including compost, marine, anaerobic digestion, soil, and landfill. 
Compost environments include aerobic conditions within hot industrial compost 
environments. Marine environments include cold aerobic conditions. Landfill 
disposal environments include aerobic and anaerobic conditions. Anaerobic- 
digestion environments include hot anaerobic conditions.

8.1.1 Biodegradation Standards

Biodegradation standards for plastic materials are established based on two neces-
sary categories for biodegradation: biodegradation testing method and biodegrada-
tion performance specifications. The first standard is a test method that accurately 
simulates the intended environment and specifies a method for measuring biodeg-
radation. The second standard is a specification standard that assigns a minimum 
value to establish biodegradation. Both types of standards are necessary and suffi-
cient to adequately establish the biodegradation performance of plastic materials. 
Solid waste disposal environments for plastic materials can include industrial 
compost, home compost, anaerobic digestion, landfill, litter, and ocean water. Only 
two disposal environments have both biodegradation standards for test methods 
and biodegradation performance standards, for  example, industrial compost and 
marine biodegradation environments. Test method standards are available for 
anaerobic digestion, home compost, and landfill environments. The second neces-
sary performance specification standard for biodegradation performance is not 
available for anaerobic digestion, home compost, or landfill environments. 
Therefore, plastic materials can claim to meet biodegradation performance 
standards for industrial compost and marine environments, but not for anaerobic- 
digestion, home compost, or landfill environments.

8.1.2 Worldwide Biodegradation

8.1.2.1 Standards Agencies
Several worldwide organizations as listed in Table  8.1 are involved in setting 
standards for biodegradable and compostable plastics, including American 
Society for Testing and Materials (ASTM), International Committee for 
Standardization (CEN), International Standards Organization (ISO), German 
Institute for Standardization (DIN), Japanese Institute for Standardization (JIS), 
and British Plastics Federation. The standards from these organizations have 
helped the industry create biodegradable and compostable products that meet the 
increasing worldwide demand for more environmentally friendly plastics 
(Narayan and Pettigrew 1999). International, American, and Japanese certifica-
tion schemes are cooperating to enable international cross- certification of prod-
ucts so that a product certified in one of these countries would automatically be 



8.1  ntroddction 179

eligible for certification in other countries. Biodegradation standards are provided 
in the following sections. The standards are organized based on the disposal envi-
ronment. Thus, the biodegradation standards from different worldwide standards 
organizations are presented in an industrial compost section, marine environ-
ment section, an anaerobic- digestion section, landfill section, and home compost 
section.

Standards for biobased materials are, also, presented in the following to estab-
lish the parameters of claims that plastic materials are biobased. Biodegradable 
plastics can be produced from organic materials or petroleum- based materials.

8.1.3 Certification

Certification is needed for biodegradable plastics to ensure that they meet the 
performance specification requirements in the biodegradation standards. Several 
certification companies, listed in Table 8.1, are available to certify the biodegrada-
tion performance of compostable plastics. In the United States, Biodegradable 
Products Institute (BPI) and the US Composting Council established the 
Compostable Plastics certification program in the United States to certify com-
postable plastics as meeting the ASTM D6400 or ASTM D6868 compostability 
standards. In Europe, the DIN certification organization was created to certify 
those biodegradable plastics (BPI Certified Compostable  2013) meet the 
International standard EN 13432 for compostability. Vincotte is also a certifica-
tion company for certification of compostable plastics in Europe. Vincotte OK 
Biodegradable mark ensures that the plastic material will pass the performance 
biodegradable specification in a specific natural environment (soil, fresh water, 
seawater, etc.), and also ensures that the plastic material meets the performance 
specification of compostable plastics in EN 13432. In Japan, the BioPlastics 
Association (JBPA) was created to certify biodegradable plastics meet the 

Table 8.1 Biodegradation standards agencies.

Standards 
agency Country Web address Certification agency

ASTM USA http://www.astm.org http://www.bpiworld.org/
BPI- certification- requirements

CEN International 
Union

http://www.cen.eu http://www.din.de/cmd

ISO Worldwide http://www.iso.org http://www.din.de/cmd

JIS Japan http://www.jsa.or.jp http://www.jbpaweb.net/
english/english.htm

http://www.astm.org
http://www.bpiworld.org/BPI-certification-requirements
http://www.bpiworld.org/BPI-certification-requirements
http://www.cen.eu
http://www.din.de/cmd
http://www.iso.org
http://www.din.de/cmd
http://www.jsa.or.jp
http://www.jbpaweb.net/english/english.htm
http://www.jbpaweb.net/english/english.htm
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International Standard EN 13432 for compostability. JBPA in Japan established 
GreenPla certification and labeling system based on international biodegradation 
standards.

8.2  Biobased Standard Test Method

Many biodegradable plastics are made with biobased materials. These are derived 
from organic carbon sources such as cereal, corn, potato, rice, soy, sugar cane, 
wheat, vegetable oil, etc. Biobased plastics are

made with a renewable resource that can have lower environmental impacts 
than petroleum- based plastics. Replacing petroleum- based carbon with organic 
carbon from today can reduce the carbon footprint of the plastic material 
(Narayan 2011a). Biological carbon content analysis can establish the carbon foot-
print of bioplastics with life cycle assessment methods (Narayan 2011b). Biobased 
content of the plastic material can be established by tests that measure carbon 
isotopes of the material.

8.2.1 US Biobased Standard

8.2.1.1 ASTM D6866- 10 Standard Test Methods for Determining 
the Biobased Content of Solid, Liquid, and Gaseous Samples 
Using Radiocarbon Analysis
8.2.1.1.1 Summary
This American test method establishes the procedures, equipment, materials, and 
conditions to measure the 14carbon content of the plastic sample through radio-
carbon analysis. This test method is applicable to carbon- based plastic products 
that can undergo combustion in the presence of oxygen to produce carbon dioxide 
gas (CO2). This test method can be useful for companies and the US federal agen-
cies to promote the use of biobased products in commercial, nonfood products. 
The test method directly discriminates between 14C/12C content of plastic sam-
ples made from contemporary carbon and those plastic samples made from petro-
leum sources that do not have 14C. Measurement of a plastic product’s 14C/12C 
content is determined relative a standard carbon-based reference material, 
namely,  Standard Reference Material 4990c.

8.2.1.1.2 Procedures
The radiocarbon analysis can be performed with three methods, as listed in the 
following:

1) Method B: Accelerator mass spectrometry (AMS) and isotope ratio mass spec-
trometry (IRMS) techniques are used to quantify the biobased content of a 
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given product. Sample preparation methods are identical to Method A. Stored 
CO2 is sent to an AMS facility for final processing and analysis. The maximum 
error is 1–2% for AMS and 0.1–0.5% for IRMS.

2) Method C: Liquid scintillation counting (LSC) radiocarbon techniques are 
used to quantify the biobased content of a product. Method C uses LSC analy-
sis of sample carbon that has been converted to benzene rather than CO2 solu-
tions of Method A. The maximum error is ±3%.

8.2.1.1.3 Equipment
1) Liquid scintillation counting
2) Accelerator mass spectrometry
3) Isotope ratio mass spectrometry

8.2.2 International Biobased Standards

Currently, there are no ISO test methods that are equivalent to the biobased stand-
ard test method.

8.3  Industrial Compost Environment

Biodegradation standards for industrial compost environment require a biodegra-
dation specification standard and a biodegradation test method standard. The 
specification standards in the United States are for compostable plastics and for 
coatings that can be used for packaging and containers. Both specification stand-
ards require the use of the same test method. Table 8.2 lists the biodegradation 
standards for industrial compost in several countries. The standards listed are 
the  performance specification standard and the test method standards in the 
industrial compost environment. The standards are discussed in more detail in 
the following section. For complete information on the standards, consult the 
documentation from the standards agency.

8.3.1 US Biodegradation Standards for Industrial 
Compost Environment

8.3.1.1 Biodegradation Performance Specification Standard: 
ASTM D6400- 04. Standard Specification for Compostable Plastics
8.3.1.1.1 Summary
This American specification standard establishes the performance requirements 
for biodegradation of compostable plastic materials that are designed to biode-
grade into CO2, water, and biomass in an industrial compost environment. 
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The industrial compost environment is one that maintains a temperature above 
40 °C and results in thermophilic conditions. The performance specification 
standard requires the use of the ASTM D5338- 05 test method to measure the 
amount of CO2 that is emitted from the degrading plastic sample. ASTM D6400- 04 
performance specification standard requires the product must demonstrate each 
of the three characteristics as follows:

1) Sufficient disintegration during composting.
2) Adequate level of inherent biodegradation.
3) No adverse impacts on the ability of compost to support plant growth.

8.3.1.1.2 Procedures
Three test characteristics for the ASTM D6400- 04 standard specify that three types 
of tests are performed on the plastic samples. The first characteristic measures the 
percentage of disintegration of the plastic samples while under hot and moist com-
post conditions. The plastic samples are weighed prior to exposure to test condi-
tions. The samples are placed in compost soil with the use of a sack, bag, or screened 
container. The plastic samples are exposed to industrial composting conditions of 
at least 58 °C and 50% moisture for 12 weeks. The mass of the plastic sample is 
measured after 12 weeks by passing the plastic sample and compost through a 2.0- mm 
sieve. ASTM D- 6400 specifies the test specimen must disintegrate at least 90% of 
the dry weight within 12 weeks. The second characteristic for ASTM D6400- 04 
standard specifies that a satisfactory rate of biodegradation of the plastic material is 
under industrial composting conditions of at least 58 °C and 50% moisture for 
180 days, that is, more than 90% of the carbon in the original plastic sample is con-
verted into CO2 as measured by a CO2 respirometer or wet chemistry methods. The 
details of the test procedure are listed in ASTM D5338- 11 test method. The third 
characteristic for ASTM D6400- 04 standard specifies a satisfactory ability of the 
compost soil at the end of the biodegradation testing to support plant growth 

Table 8.2 Biodegradation standards for industrial composting environment.

Region
Performance 
specification Test method

Measurement 
method

Disintegration test 
method

Australia ISO 17088 ISO 14855- 2 CO2 measurement ISO 16929, ISO 20200

Europe ISO 17088/ 
EN13432

ISO 14855- 2 CO2 measurement ISO 16929, ISO 20200

Japan ISO 17088 ISO 14855- 2 CO2 measurement ISO 16929, ISO 20200

USA ASTM D6400,  
D6868

ASTM D5338 CO2 measurement ISO 16929
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through phytotoxicity testing and very low regulated heavy metal concentrations. 
Phytotoxicity testing is achieved through the planting of tomato, cucumber, radish, 
rye, barley, or cress grass seeds in the tested compost soil. The growth of the plants 
after 10 days indicates positive soil conditions for plant growth. Plant biomass tests 
can reveal quality differences between composts and can indicate potential plant 
stress induced by the compost at the given level used in the test. Regulated heavy 
metal testing measures the concentrations of regulated heavy metals in the com-
post soil at the end of the biodegradation testing. The level of regulated heavy met-
als can be measured with flame atomic absorption spectrophotometer using an 
air–acetylene flame and equipped with a Pb hollow- cathode lamp. The compost 
samples must have regulated metal concentrations less than 50% of the acceptable 
levels of regulated heavy metals as prescribed in 40 Code of Federal Regulations 
(CFR) Part 503.13, that is, lead (75 mg/kg), cadmium (8.5 mg/kg), chromium (not 
specified), copper (375 mg/kg), nickel (105 mg/kg), zinc (700 mg/kg), and mercury 
(4.25 mg/kg) (Title 40: Protection of the Environment 2013).

8.3.1.1.3 Specification
ASTM D6400- 04 standard specifies that a plastic material is compostable if it 
meets the following specifications:

1) Disintegration: Greater than 90% disintegration of the original dry weight of the 
plastic material disintegrates after 12 weeks of exposure to industrial compost-
ing conditions specified in ISO 16929 test method standard for disintegration.

2) Biodegradation: Greater than 90% of the carbon in the original plastic sample 
is converted into CO2 after 180 days of exposure to industrial composting con-
ditions specified in ASTM D5338 test method standard.

3) Nontoxic to plants: No measurable phytotoxicity or regulated heavy metals 
greater than allowable levels as described in 40 CFR Part 503.13.

8.3.1.2 Biodegradation Performance Specification Standard: ASTM 
D6868–03. Standard Specification for Biodegradable Plastics Used 
as Coatings on Paper and Other Compostable Substrates
8.3.1.2.1 Summary
This American specification standard establishes the performance requirements 
for biodegradation of materials and products (including packaging, films, and 
coatings) that are attached (either through lamination or extrusion directly onto 
the paper) to compostable substrates plastic materials. The compostable plastics 
are designed to biodegrade in an industrial compost environment. The industrial 
compost environment is one that maintains a temperature above 40 °C and results 
in thermophilic conditions. The performance specification standard requires 
the  use of ASTM D- 5338- 05 test method to measure the amount of CO2 that 
is  emitted from the degrading plastic sample. ASTM D- 6868- 03 performance 
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specification standard requires the product must demonstrate each of the three 
characteristics as follows:

1) Sufficient disintegration during composting.
2) Adequate level of inherent biodegradation.
3) No adverse impacts on the ability of compost to support plant growth.

8.3.1.2.2 Procedures
The test procedures for ASTM D6868- 03 standard specify that three types of tests 
are performed on the plastic samples. The first characteristic measures the percent-
age of disintegration of the plastic samples while under hot and moist compost 
conditions. The plastic samples are weighed prior to exposure to test conditions. 
The samples are placed in compost soil with the use of a sack, bag, or screened con-
tainer. The plastic samples are exposed to industrial composting conditions of at 
least 58 °C and 50% moisture for 12 weeks. The mass of the plastic sample is meas-
ured after 12 weeks by passing the plastic sample and compost through a 2.0- mm 
sieve. ASTM D- 6868 specifies that no more than 10% of the original dry weight of 
the plastic material remains. The second characteristic for ASTM D6868- 03 stand-
ard specifies that a satisfactory rate of biodegradation of the plastic material is under 
industrial composting conditions of at least 58 °C and 50% moisture for 180 days, 
that is, more than 90% of the carbon in the original plastic sample is converted into 
CO2 as measured by a CO2 respirometer or wet chemistry methods. If the packaging 
or paper product is a combination of several materials, then each of the materials 
must individually pass the respirometry test. The details of the test procedure are 
listed in ASTM D5338- 11 test method. The third characteristic for ASTM D6868- 03 
standard specifies a satisfactory ability of the compost soil at the end of the biodeg-
radation testing to support plant growth through phytotoxicity testing and very low 
regulated heavy metal concentrations. Phytotoxicity testing is achieved through the 
planting of tomato, cucumber, radish, rye, barley, or cress grass seeds in the tested 
compost soil. The growth of the plants after 10 days indicates positive soil condi-
tions for plant growth. Regulated heavy metal testing measures the concentrations 
of regulated metals in the compost soil at the end of the biodegradation testing.

8.3.1.2.3 Specification
ASTM D6868- 03 standard specifies that a plastic coating material is compostable 
if it meets the following specifications:

1) Disintegration: Less than 10% of the original dry weight of the plastic material 
remains after 12 weeks of exposure to industrial composting conditions.

2) Biodegradation: Greater than 90% of the carbon in the original plastic sample 
is converted into CO2 as measured by a CO2 respirometer after 180 days of 
exposure to industrial composting conditions.
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3) Nontoxic to plants: No measure able phytotoxicity or regulated heavy metals 
greater than allowable levels as prescribed in 40 CFR Part 503.13.

8.3.1.3 Biodegradation Test Method Standard: ASTM D5338- 11. 
Standard Test Method for Determining Aerobic Biodegradation of Plastic 
Materials under Controlled Composting Conditions
8.3.1.3.1 Summary
This test method establishes the procedures, equipment, materials, and condi-
tions to measure the degree and rate of biodegradation of plastic materials under 
aerobic thermophilic composting conditions. This test method is designed to pro-
duce repeatable and reproducible test results under controlled composting condi-
tions that simulate industrial compost conditions. The plastic test samples are 
exposed to an inoculum that is derived from industrial compost. The aerobic ther-
mophilic conditions of the test are provided in an environment where tempera-
ture, aeration, and humidity are closely monitored and controlled. The plastic 
samples are cut into small pieces and placed in a vessel with warm and moist 
compost soil. The test containers are at 58 °C (±2 °C) for 180 days. The biogas from 
the container is measured for CO2 and O2 over the testing period.

8.3.1.3.2 Procedures
The test procedures for ASTM D- 5338- 11 involve placing 500 g of industrial com-
post soil that has a maturity level of two to three months into a container vessel 
greater than 2 l and less than 5 l. The ASTM test procedure for industrial compost 
is explained in more detail in Appendix D. A minimum of 12 composting vessels 
are required for the test. The containers are provided for the test specimens that 
include plastics, blank, positive control, and negative control samples. The testing 
is completed in triplicate. The plastic samples are added to the container in quan-
tities of 100 g. The container must have 25% free air space above the samples. The 
pH, moisture content, C/N ratio, and percentage solids are measured for the com-
post soil. The sample containers must have moist air supplied to the container 
that is free of CO2. The biogas from the sample containers is measured periodi-
cally for CO2 and O2.

The O2 level must be greater than 6% during the duration of the test. The test 
containers should be rotated every two or three days to reduce the packing of the 
soil and to mix fresh air with the compost soil. An example of a test apparatus is 
provided in Figure 8.1.

8.3.1.3.3 Materials
The materials used in this standard include the following:

 ● Plastic samples.
 ● Blank compost soil.



8  Biobased and Biodegradation Standards for Polymeric Materials186

 ● Positive control: cellulose powder or cellulose paper.
 ● Negative control: polyethylene film.
 ● Barium hydroxide solution.

8.3.1.3.4 Equipment
The equipment used in this standard includes the following:

 ● Composting vessels with a size greater than 2 l and less than 5 l.
 ● Water bath or other temperature control device.
 ● Pressurized air system with CO2 free and H2O saturated air.
 ● Carbon dioxide trapping apparatus with Ba(OH)2 solution.
 ● Flexible tubing nonpermeable to CO2.
 ● Stoppers equipped with sampling ports.
 ● Analytical balance (±0.1 mg).
 ● 100- ml Burette.
 ● 0.05 N HCL.
 ● pH meter.
 ● Respirometer devices for measuring CO2 and O2 periodically (optional).
 ● CO2 trapping equipment with gas flow meter, gas chromatograph, or other suit-

able equipment.

8.3.2 International Biodegradation Standards for Industrial 
Compost Environment

The ISO is the world’s largest developer of standards. ISO is a network of the 
national standards institutes of 157 countries, which agree on specifications and 
criteria to be applied consistently in the classification of materials, in the manufac-
ture and supply of products, in testing and analysis, in terminology, and in the pro-
vision of services. The test method is designed to yield the percentage conversion of 
the carbon in the test material to evolve carbon dioxide as well as the rate of conver-
sion. In Europe, compostable plastics are being used in several applications. 
Compostable plastics must comply with the International NormEN13432 that is the 
criteria for compostability. The EN13432 specifications standard is very similar to 

Containment
vessels 2–5 l

each
Clean, moist,
CO2 free air

T = 58 °C
50% moisture

Biogas

CO2 measurement
respirometer or wet
chemistry method

Figure 8.1 Experimental setup for laboratory environment.
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ASTM D- 6400 specifications standard. Certification with ISO compostability stand-
ard is compatible with certification for ASTM D6400 standard. EN13432 requires a 
compostable plastic material to break down to the extent of at least 90% to H2O and 
CO2 and biomass within a period of six months. ISO14855 standard specifies a test-
ing method to evaluate the ultimate aerobic biodegradability of plastics, based on 
organic compounds, under controlled composting conditions by the measurement 
of the amount of carbon dioxide evolved and the degree of plastic disintegration at 
the end of test. ISO 14852 is the determination of the ultimate aerobic biodegrada-
bility of plastic materials in an aqueous medium. The test method measures the 
evolved carbon dioxide and is similar to ASTM D- 5338 test method standard. DIN- 
Certco is a very well known and utilized certification system in Europe (Bastioli 2005). 
Sample materials are tested for regulated metals, organic contaminants, complete 
biodegradation, disintegration under compost conditions, and phytotoxicity (plant 
toxicity). The regulated metals and organic chemical tests ensure that neither 
organic contaminants nor heavy metals such as lead, mercury, and cadmium can 
enter the soil via the biodegradable materials. The procedures for testing complete 
biodegradation in the laboratory and disintegration under compost conditions 
ensure that materials are completely degraded during one process cycle of a stand-
ard composting plant. The DIN compostability certification is very similar to BPI 
certification, which meets ASTM D- 6400 standards.

Table 8.3 illustrates the heavy metal limits in the International standard and the 
US standards (Rudnik 2008). Heavy metal concentrations in the EN13432 standard 

Table 8.3 Regulated heavy metal allowable concentrations.

Element
ASTM D- 6400- USA 
(mg/kg)

ASTM D- 6400- 
Canada (mg/kg)

EN 13432 
(mg/kg)

Japan 
(mg/kg)

Zn 1400 463 150 180

Cu 750 189 50 60

Ni 210 45 25 30

Cd 17 5 0.5 0.5

Pb 150 125 50 10

Hg 8.5 1 0.5 0.2

Cr — 265 50 50

Mo — 5 1 — 

Se 50 4 0.75 — 

As 20.5 19 5 5

F — — 100 — 

Co — 38 — — 
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allow a limited amount of metal, that is, lead (30 mg/kg), cadmium (0.3 mg/kg), chro-
mium (30 mg/kg), copper (22.5 mg/kg), nickel (15 mg/kg), zinc (100 mg/kg), and mer-
cury (0.3 mg/kg). The US standard allows the following amounts: lead (150 mg/kg), 
cadmium (17 mg/kg), chromium (not specified), copper (750 mg/kg), nickel (210 mg/
kg), zinc (1400 mg/kg), and mercury (8.5 mg/kg) (Rudnik 2008). Acceptable levels of 
heavy metals in sewer sludge are provided as per US Environmental Protection 
Agency (EPA) Subpart 503- 13. Biodegradation standards for industrial compost 
 environment require a biodegradation specification standard and a biodegradation 
test method standard. The specification standards in Europe are for plastics and 
for packaging. Both specification standards require the use of the same test method.

8.3.2.1 Biodegradation Performance Specification Standard: EN 13432- 
2000. Packaging Requirements for Packaging Recoverable through 
Composting and Biodegradation Test Scheme and Evaluation Criteria 
for the Final Acceptance of Packaging
8.3.2.1.1 Summary
This international specification establishes the performance requirements for 
 biodegradation of plastic materials and products (including packaging, films, and 
other products). The compostable plastics are designed to biodegrade in an indus-
trial compost environment. The industrial compost environment is one that main-
tains a temperature above 40 °C and results in thermophilic conditions. The 
performance specification standard requires the use of EN 14995 (ISO 17088) test 
method to measure the amount of CO2 that is emitted from the degrading plastic 
sample. EN 13432- 2000 performance specification standard requires the product 
must demonstrate each of the following characteristics:

1) Biodegradability.
2) Disintegration during biological treatment.
3) Minimal effect on the biological treatment process.
4) Minimal effect on the quality of the resulting compost.

8.3.2.1.2 Procedures
The test procedures for EN 13432 standard specify that three types of tests are 
performed on the plastic samples. The first test measures the percentage of 
disintegration of the plastic samples while under hot and moist compost condi-
tions. The plastic samples are weighed prior to exposure to test conditions. The 
samples are placed in compost soil with the use of a sack, bag, or screened 
container. The plastic samples are exposed to industrial composting conditions 
of at least 58 °C and 50% moisture for 12 weeks. The mass of the plastic sample 
is measured after three months by passing the plastic sample and compost 
through a 2.0- mm sieve. EN 13432 specifies that no more than 10% of the 
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original dry weight of the plastic material remains. The second test procedure 
for EN 13432 standard specifies that a satisfactory rate of biodegradation of the 
plastic material is under industrial composting conditions of at least 58 °C and 
50% moisture for 26 weeks, that is, more than 90% of the carbon in the original 
plastic sample is converted into CO2 as measured by a CO2 respirometer or wet 
chemistry methods. The details of the test procedures are listed in EN 14046 or 
ISO 14855 test method. The third test procedure for EN 13432 standard speci-
fies a satisfactory ability of the compost soil at the end of the biodegradation 
testing to support plant growth through phytotoxicity testing and very low regu-
lated heavy metal concentrations. Phytotoxicity testing is achieved through the 
planting of two seed crops in the tested compost soil. The growth of the plants 
after 10 days indicates positive soil conditions for plant growth. Plant biomass 
tests can reveal quality differences between composts and can indicate poten-
tial plant stress induced by the compost at the given level used in the test. 
Regulated heavy metal testing measures the concentrations of regulated metals 
in the compost soil at the end of the biodegradation testing. The test procedures 
for EN 13432 standard specify that three types of tests are performed on the 
plastic samples. The first test measures the percentage of disintegration of the 
plastic samples while under hot and moist compost conditions. The plastic 
samples are weighed prior to exposure to test conditions. The samples are 
placed in compost soil with the use of a sack, bag, or screened container. The 
plastic samples are exposed to industrial composting conditions of at least 
58 °C and 50% moisture for 12 weeks. The mass of the plastic sample is meas-
ured after three months by passing the plastic sample and compost through a 
2.0- mm sieve. EN 13432 specifies that no more than 10% of the original dry 
weight of the plastic material remains. The second test procedure for EN 13432 
standard specifies that a satisfactory rate of biodegradation of the plastic mate-
rial is under industrial composting conditions of at least 58 °C and 50% mois-
ture for 26 weeks, that is, more than 90% of the carbon in the original plastic 
sample is converted into CO2 as measured by a CO2 respirometer or wet chem-
istry methods. The details of the test procedures are listed in EN 14046 or ISO 
14855 test method. The third test procedure for EN 13432 standard specifies a 
satisfactory ability of the compost soil at the end of the biodegradation testing 
to support plant growth through phytotoxicity testing and very low regulated 
heavy metal concentrations. Phytotoxicity testing is achieved through the 
planting of two seed crops in the tested compost soil. The growth of the plants 
after 10 days indicates positive soil conditions for plant growth. Plant biomass 
tests can reveal quality differences between composts and can indicate poten-
tial plant stress induced by the compost at the given level used in the test. 
Regulated heavy metal testing measures the concentrations of regulated metals 
in the compost soil at the end of the biodegradation testing.
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8.3.2.1.3 Specifications
EN 13432 standard specifies that a plastic material is compostable if it meets the 
following specifications:

1) Satisfactory disintegration of the plastic material that is under the pilot- scale 
composting test of at least 58 °C and 50% moisture for 84 days that no more 
than 10% of the original dry weight of the plastic material remains after pass-
ing through a 2.0- mm sieve. Also, the biodegradation testing shall not have any 
adverse effects on the composting process. The standard requires the use of 
ISO 16929 or ISO 2020 test method standard.

2) Satisfactory rate of biodegradation of the plastic material that is under indus-
trial composting conditions of at least 58 °C and 50% moisture in six months, 
that is, more than 90% of the carbon in the original plastic sample is converted 
into CO2 as measured by measuring the amount of release of CO2 through wet 
chemistry methods. The standard requires the use of ISO 148455 or ASTM 
D5338 test method standard.

3) Satisfactory ability of the compost soil at the end of the biodegradation testing 
to support plant growth through phytotoxicity testing with seedling emergence 
and seedling growth test (OECD 208).

8.3.2.2 Biodegradation Performance Specification Standard: ISO 17088 
(EN 13432). Plastics – Evaluation of compostability – Test Scheme 
and Specification
This international standard is very similar to EN 13432- 2000 and establishes the 
performance requirements for biodegradation of plastic materials and products 
(including packaging, films, and other products). The compostable plastics are 
designed to biodegrade in an industrial compost environment. The industrial 
compost environment is one that maintains a temperature above 40 °C and results 
in thermophilic conditions. The performance specification standard requires the 
use of EN 14995 (ISO 17088) test method to measure the amount of CO2 that is 
emitted from the degrading plastic sample. EN 13432- 2000 performance specifica-
tion standard requires the product must demonstrate each of the four following 
characteristics:

1) Biodegradability.
2) Disintegration during biological treatment.
3) Minimal effect on the biological treatment process.
4) Minimal effect on the quality of the resulting compost.

ISO 17088 standard specification establishes the performance requirements 
for biodegradation of compostable plastic materials that are designed to biode-
grade into CO2, water, and biomass in an industrial compost environment 
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according to test methods described in EN 14046 and ISO 14855. The industrial 
compost environment is one that maintains thermophilic temperatures. The per-
formance specification standard requires the use of EN 14046 or ISO 14855 test 
method to measure the amount of CO2 that is emitted from the degrading plas-
tic sample.

8.3.2.2.1 Procedures
The test procedures for ISO 17088 standard specify that three types of tests are 
performed on the plastic samples. The first test measures the percentage of disin-
tegration of the plastic samples while under hot and moist compost conditions. 
The plastic samples are weighed prior to exposure to test conditions. The samples 
are placed in compost soil with the use of a sack, bag, or screened container. The 
plastic samples are exposed to industrial composting conditions of at least 58 °C 
and 50% moisture for 84 days. The mass of the plastic sample is measured after 
three months by passing the plastic sample and compost through a 2.0- mm sieve. 
EN 13432 specifies that no more than 10% of the original dry weight of the plastic 
material remains.

The second test procedure for ISO 17088 standard specifies that a satisfactory 
rate of biodegradation of the plastic material is under industrial composting con-
ditions of at least 58 °C and 50% moisture for 26 weeks, that is, more than 90% of 
the carbon in the original plastic sample is converted into CO2 as measured by a 
CO2 respirometer. The details of the test procedures are listed in ISO 14855 or 
ASTM D5338 test method. The third test procedure for ISO 17088 standard speci-
fies a satisfactory ability of the compost soil at the end of the biodegradation test-
ing to support plant growth through phytotoxicity testing and very low regulated 
heavy metal concentrations. Phytotoxicity testing is achieved through the plant-
ing of tomato, cucumber, radish, rye, barley, or cress grass seeds in the tested com-
post soil. The growth of the plants after 10 days indicates positive soil conditions 
for plant growth. Regulated heavy metal testing measures the concentrations of 
regulated metals in the compost soil at the end of the biodegradation testing.

The compost samples must have regulated metal concentrations less than pre-
scribed levels, listed in Table 8.3.

8.3.2.2.2 Specifications
ISO 17088 standard specifies that a plastic material is compostable if it meets the 
following specifications:

1) Satisfactory disintegration of the plastic material that is under the pilot- scale 
composting test of at least 58 °C and 50% moisture for three months that no 
more than 10% of the original dry weight of the plastic material remains after 
passing through a 2.0- mm sieve. Also, the biodegradation testing shall not have 
any adverse effects on the composting process.
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Satisfactory rate of biodegradation of the plastic material that is under indus-
trial composting conditions of at least 58 °C and 50% moisture for six months, 
that is, more than 90% of the carbon in the original plastic sample is converted 
into CO2 as measured by a CO2 respirometer or wet chemistry method.

2) Satisfactory ability of the compost soil at the end of the biodegradation testing 
to support plant growth through phytotoxicity testing and very low regulated 
heavy metal concentrations. Plant growth test (OECD 208).

8.3.2.3 Biodegradation Test Method Standard: ISO 14855- 2 (EN 14046) 
Packaging. Evaluation of the Ultimate Aerobic Biodegradability 
and Disintegration of Packaging Materials under Controlled Composting 
Conditions. Method by Analysis of Released Carbon Dioxide
8.3.2.3.1 Summary
This international standard specifies a test method for the evaluation of the ulti-
mate aerobic biodegradability of packaging materials based on organic compounds 
under controlled composting conditions by measurement of released carbon diox-
ide at the end of the test. This method is designed to resemble typical aerobic com-
posting conditions for the organic fraction of mixed municipal solid waste.

The packaging material is exposed in a laboratory test to an inoculum that is 
derived from compost. The aerobic composting takes place in an environment 
where especially temperature, aeration, and humidity are closely monitored and 
controlled. The test method is designed to yield a percentage and rate of conver-
sion of carbon of the test material to released carbon dioxide. The conditions 
described in this standard do not necessarily always correspond to the optimal 
conditions allowing the maximum degree of biodegradation to occur.

This test method establishes the procedures, equipment, materials, and conditions 
to measure the degree and rate of biodegradation of plastic materials under aerobic 
thermophilic composting conditions. This test method is designed to produce repeat-
able and reproducible test results under controlled composting conditions that simu-
late industrial compost conditions. The testing is completed in duplicate. The plastic 
test samples are exposed to an inoculum that is derived from industrial compost. The 
aerobic thermophilic conditions of the test are provided in an environment where 
temperature, aeration, and humidity are closely monitored and controlled. The plas-
tic samples are cut into small pieces and placed in a vessel with warm and moist 
compost soil. The test containers are at 58 °C (±2 °C) for 180 days. The biogas from 
the container is measured for CO2 and O2 over the testing period.

8.3.2.3.2 Procedures
The test procedure for ISO 14855 involves placing 120 g of moist (∼50% mois-
ture) industrial compost soil that has a maturity level of six months and 50% 
total solids into a container vessel of approximately 500 ml. The containers will 



8.3  nddstrial  ommost  nnironment 193

be provided for the plastic sample and the following samples, blank, positive 
control, and negative control. The testing is done in duplicate. The plastic sam-
ples are added to the container in quantities of 10 g. The pH, moisture content, 
C/N ratio, and percentage solids are measured for the compost soil. The sample 
containers must have moist air supplied to the container that is free of CO2. 
The biogas from the sample containers is measured periodically for CO2 and O2. 
The test containers should be rotated every two or three days to reduce the pack-
ing of the soil and to mix fresh air with the compost soil. The tests are run in 
duplicate.

8.3.2.3.3 Materials
 ● Plastic sample
 ● Blank compost soil
 ● Positive control reference: cellulose powder
 ● Negative control: polyethylene film

8.3.2.3.4 Equipment
 ● Composting vessels with size approximately 500 ml.
 ● Water bath or other temperature control device.
 ● Pressurized air system with CO2 free and H2O saturated air.
 ● Carbon dioxide trapping apparatus.
 ● Flexible tubing nonpermeable to CO2.
 ● Stoppers equipped with sampling ports.
 ● Analytical balance (±0.1 mg).
 ● 100- ml Burette.
 ● pH meter.
 ● Respirometer devices for measuring CO2 and O2 periodically (optional).
 ● CO2 trapping equipment with gas flow meter, gas chromatograph, or other suit-

able equipment.

8.3.2.4 ISO 16929 (EN14045:2003) Plastics – Determination of the 
Degree of Disintegration of Plastic Materials under Simulated Composting 
Conditions in a Pilot- Scale Test
8.3.2.4.1 Summary
This international standard specifies a method for the evaluation of the disin-
tegration of plastic materials while under industrial composting conditions. 
The testing environment is pilot scale at an industrial compost facility. The 
mass of plastic sample is measured prior to the test. The samples are placed in 
a sack or aerated bag with compost soil. The sack is placed in an aerated pile of 
at least 1 m deep at an industrial compost facility. The compost vessel should be 
a minimum of 140 l and a maximum of 250 l. The concentration is 1% by weight 



8  Biobased and Biodegradation Standards for Polymeric Materials194

plastic sample and 99% compost. The temperature of the compost pile should 
be between 40 and 75 °C. The aerated compost pile should be turned twice 
per week.

8.3.2.4.2 Procedures
The test procedure for ISO 16929:

1) Measure the mass of plastic samples.
2) Place in sack or aerated container between 140 and 250 l.
3) Add samples and compost to sack or container.
4) Bury container in compost pile at least 1 m from the surface.
5) Rotate the compost soil around container at least twice per week.
6) Measure the temperature of the compost.
7) After 12 weeks, remove compost and plastic.
8) Sieve in 2- mm screen.
9) Wash and dry plastic to remove compost soil.

10) Measure the mass of the plastic samples.
11) Measure the quality of the compost soil for maturity, percentage of solid, pH, 

moisture content, carbon/nitrogen ratio, and temperature.

8.3.2.4.3 Materials
 ● Plastic
 ● Mature compost
 ● Container minimum 140 l

8.3.2.4.4 Equipment
 ● Industrial compost facility

8.3.2.5 ISO 20200 (EN14806:2005) Plastics – Determination of the 
Degree of Disintegration of Plastic Materials under Simulated Composting 
Conditions in a Laboratory- Scale Test
8.3.2.5.1 Summary
This international standard specifies a method for the evaluation of the disinte-
gration of plastic materials while under industrial composting conditions. The 
testing environment is pilot scale at an industrial compost facility. The mass of 
plastic sample is measured prior to the test. The samples are placed in a sack or 
aerated bag with compost soil. The sack is placed in an aerated pile at least 1 m 
deep at an industrial compost facility. The compost vessel should be a minimum 
of 5 l and a maximum of 20 l. The concentration is 1% by weight plastic sample 
and 99% compost. The temperature of the compost pile should be between 40 and 
75 °C. The aerated compost pile should be turned twice per week.
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8.3.2.5.2 Procedures
The test procedure for ISO 20200:

1) Measure the mass of plastic samples.
2) Place in sack or aerated container between 5 and 20 l.
3) Add samples and compost to sack or container at concentrations of 1% 

(weight) plastic and 99% compost.
4) Bury container in compost pile at least 1 m from the surface.
5) Rotate the compost soil twice per week.
6) Measure the temperature of the compost.
7) After 12 weeks, remove compost and plastic.
8) Sieve in 2- mm screen.
9) Wash and dry plastic to remove compost soil.

10) Measure the mass of the plastic samples.
11) Measure the quality of the compost soil for maturity, percentage of solid, pH, 

moisture content, carbon/nitrogen ratio, temperature.

8.3.2.5.3 Materials
 ● Plastic
 ● Mature compost
 ● Container minimum 5 l

8.3.2.5.4 Equipment
 ● Industrial compost facility

8.3.2.6 Australian Biodegradation Standards for Industrial Compost
The Australian standard for degradable plastics includes test methods that enable 
validation of biodegradation of degradable plastics and designation as “composta-
ble” in Australia. The Australian standard for industrial compost is AS4736- 2006 
(AS4736- 2013 2013). The AS4736 standard is based on EN 13432- 2000 standard 
for the determination of the ultimate aerobic biodegradability and disintegration 
of plastic materials under controlled composting conditions. AS4736- 2006 
requires that plastic materials meet the following requirements:

1) A minimum of 90% biodegradation of plastic material within 180 days while 
under industrial composting conditions of 58 °C and 50% moisture.

2) A minimum of 90% disintegration of plastic material within 12 weeks while 
under industrial composting conditions of 58 °C and 50% moisture.

3) No toxic effects on the resulting compost for plants and earthworms.
4) Toxic levels of regulated metals are less than the maximum allowable levels.
5) Minimum of 50% organic material in the plastic.
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8.3.2.7 Japanese Biodegradation Standards for Industrial Compost
The Japanese JIS standards are met with a GreenPLA certification system. The 
GreenPLA system has very similar testing requirements as per the US and 
International certification methods. In particular, the GreenPLA certification 
assures biodegradability by measuring carbon dioxide evolution after microbial 
biodegradation, mineralization by the ability to disintegrate and not have 
 visible fragments after composting, and organic compatibility by the ability of 
the compost to support plant growth. The same amount of carbon dioxide 
 evolution (60%) in 45 days is required for certification. The same 11 regulated 
metals are monitored in GreenPLA as EN 13432. However, several aspects of 
the  certification are different than the US BPI and International Din- Certco 
certifications.

8.4  Marine Environment

Plastic debris is accumulating in the oceans around the world endangering ani-
mal life, releasing toxic chemicals, and collecting floating toxins that can enter 
the food stream through fish. The fate of plastics in the oceans can lead to frag-
mentation and result in slurry of plastic particles floating or suspended in the 
water column. The plastic fragments can degrade and release toxic chemicals 
into the ocean waters.

Biodegradation of biodegradable plastics in the marine environment is based 
upon two levels of standards: the first for a test method standard and the second 
for a performance specification standard. Biodegradation standards for the marine 
environment are listed in Table 8.4. The marine biodegradation standards cover 
nonfloating products made from plastics that are designed to biodegrade in the 
aerobic marine environment. The standard applies to deep seawater, shallow 
 seawater, and brackish inland waters. In the standards, plastic materials must 
demonstrate disintegration and inherent biodegradation during marine water 

Table 8.4 Biodegradation standards for marine environment.

Region
Performance 
specification Test method

Measurement 
method

Other 
requirements

Australia None ISO 14851, ISO 14852 CO2 measurement None

Europe None ISO 14851, ISO 14852 CO2 measurement None

Japan None ISO 14851, ISO 14852 CO2 measurement None

USA ASTM D7081 ASTM D6691 CO2 measurement ASTM D6400
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exposure and not exhibit any adverse environmental impacts on the survival of 
marine organisms while in the marine environment.

The plastic sample also must pass several marine toxicity tests, including 
Polytox (microbial oxygen absorption), Microtox (microbial bioluminescence) 
test, fish Acute Toxicity (static conditions) OPPTS 850.1075, Daphnia Acute 
Toxicity (static conditions) OPPTS 850.1010, or Static Algal Toxicity Test OPPTS 
850.5400. The plastic samples must also have less than 25% of the maximum 
allowable concentrations of regulated heavy metals.

Marine biodegradation standards require that the plastic samples should also 
pass the ASTM D- 6400 standard for biodegradation under industrial aerobic com-
post conditions. The ASTM D- 6400 standard requires plastic samples to convert 
90% of the carbon in the plastic sample to CO2 after 180 days while at 58 °C.

8.4.1 US Biodegradation Standards for Marine Environment

8.4.1.1 Biodegradation Performance Specification Standard: ASTM 
D- 7081- 05. Nonfloating Biodegradable Plastic in the Marine Environment
8.4.1.1.1 Summary
This American specification establishes the performance requirements for bio-
degradation of plastic materials and products, including packaging, films, and 
coatings. The marine environment includes conditions of aerobic marine waters 
or anaerobic marine sediments or both. This specification establishes the require-
ments for biodegradation of plastic materials that have rates that are similar to 
known compostable materials. The specification also specifies that the degrada-
tion of the plastic materials will not cause any harm to sea life or habitat.

The performance specification standard requires the use of ASTM D6691- 08 
test method to measure the amount of CO2 that is emitted from the degrading 
plastic sample while in the cool marine water. ASTM D- 7081- 05 performance 
specification standard requires the product must demonstrate each of the three 
characteristics as follows:

1) Disintegration during marine biodegradation.
2) Inherent biodegradation of the plastic material.
3) Minimal adverse effect on the marine environment.

8.4.1.1.2 Procedures
The test procedures for ASTM D- 7081- 05 standard specify that three types of tests are 
performed on the plastic samples. The first test measures the percentage of disinte-
gration of the plastic samples while exposed to cool marine water conditions, 
described in ASTM D- 6691- 08 test conditions. The plastic samples are weighed prior 
to exposure to test conditions. The samples are placed in containers with ocean 
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water. The plastic samples are exposed to aerobic marine water conditions of 30 °C 
for 12 weeks. The mass of the plastic sample is measured after 12 weeks by passing 
the plastic sample and marine water through a 2.0- mm sieve. ASTM D- 7081- 05 spec-
ifies that no more than 30% of the original dry weight of the plastic material remains.

The second test procedure for ASTM D- 7081- 05 standard specifies that a satis-
factory rate of biodegradation of the plastic material is under marine conditions of 
30 °C for 180 days, that is, more than 30% of the carbon in the original plastic 
sample is converted into CO2 as measured by a CO2 respirometer or another meas-
urement device. The details of the test procedures are listed in ASTM D6691- 08 
test method.

The third test procedure for ASTM D- 7081- 05 standard specifies that the plastic 
product shall undergo toxicity testing with one of the following tests: Polytox, 
Microtox, fish acute toxicity, Daphnia acute toxicity, or static algal toxicity. The 
fourth test procedure for ASTM D- 7081- 05 standard specifies that the plastic sam-
ple shall have less than 25% of the regulated heavy metal concentrations that is 
specified in the country where the product is sold.

8.4.1.1.3 Specifications
ASTM D- 7081- 05 standard specifies that a plastic coating material is compostable 
if it meets the following specifications:

1) Satisfactory disintegration of the plastic material that is under aerobic marine 
water test of 30 °C for 12 weeks that no more than 30% of the original dry 
weight of the plastic material remains after passing through a 2.0- mm sieve.

2) Satisfactory rate of biodegradation of the plastic material that is under aerobic 
marine water test of 30 °C in six months, that is, more than 30% of the carbon 
in the original plastic sample is converted into CO2 as measured by measuring 
the amount of release CO2.

3) Satisfactory passing of one of the several marine toxicity tests.
4) Less than 25% of the regulated heavy metal concentrations that is specified in 

the country where the product is sold.
5) Satisfactory rate of biodegradation specified in ASTM D6400 standard for com-

postability is a necessary but not sufficient prerequisite.

8.4.1.2 Biodegradation Test Method Standard: ASTM D6691- 09. 
Standard Test Method for Determining Aerobic Biodegradation of Plastic 
Materials in the Marine Environment by a Defined Microbial Consortium or 
Natural Seawater Inoculum
8.4.1.2.1 Summary
ASTM D6691- 09 test method provides a description of the testing procedures that 
best simulate the marine environment and a method by which to measure biodeg-
radation. ASTM D6691- 09 test method is used to determine the degree and rate of 
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aerobic biodegradation of plastic materials exposed to the indigenous population 
of existing seawater or synthesized seawater with pre- grown population of at least 
10 aerobic marine microorganisms of known genera. The ASTM test procedure 
for marine biodegradation is explained in more detail in Appendix E. The test 
method consists of preparing a uniform inoculum of marine water, exposing the 
plastic samples to the marine water, measuring biodegradation with a carbon 
dioxide respirometer or equivalent measurement method, and assessing the per-
centage of carbon conversion in the plastic to carbon dioxide. The testing is car-
ried out at 30  ±  2 °C under controlled laboratory conditions for 180 days. The 
standard recommends the use of 125- ml autoclave bottles, a recipe of marine 
organisms and nutrients, and seawater. The standard recommends adding 20 mg 
of plastic sample with 75 ml of marine water inoculum in a constant temperature 
environment of 30 ± 2 °C. The amount of biodegradation of the plastic sample is 
compared to the biodegradation of a positive control, for example, cellulose pow-
der. This test method establishes the procedures, equipment, materials, and con-
ditions to measure the degree and rate of biodegradation of plastic materials 
under aerobic mesophilic marine water conditions. This test method is designed 
to produce repeatable and reproducible test results under controlled test conditions 
that simulate the marine environment.

8.4.1.2.2 Procedures
The test procedures for ASTM D6691- 08  involve placing 20 mg of plastic 
 sample with 75 ml of marine stock solution or natural seawater with inorganic 
nutrients are placed in 25- ml bottles in a sterile environment as shown in 
Figure 8.2. A minimum of 12 composting vessels are required for the test.

8.4.1.2.3 Materials
 ● Plastic samples.
 ● Blank marine water.
 ● Positive control: cellulose powder or paper.
 ● Negative control: polyethylene film.

Containment
vessel 125 ml

Clean, moist,
CO2 free air

T = 30 °C

Biogas

CO2 measurement

Figure 8.2 Experimental setup for laboratory environment of marine 
biodegradation test.
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8.4.1.2.4 Equipment
 ● Sterile jar with a volume of 125 ml.
 ● Water bath or other temperature control device.
 ● Carbon dioxide trapping apparatus with Ba(OH)2 solution.
 ● Flexible tubing nonpermeable to CO2.
 ● Stoppers equipped with sampling ports.
 ● Analytical balance (±0.1 mg).
 ● pH meter.
 ● Respirometer devices for measuring CO2 and O2 periodically (optional).
 ● CO2 trapping equipment with gas flow meter, gas chromatograph, or other suit-

able equipment.

8.4.2 International Aqueous Biodegradation Standards

8.4.2.1 Biodegradation Test Method Standard: ISO 14852- 1999 
(EN14047). Determination of Ultimate Aerobic Biodegradability of Plastic 
Materials in an Aqueous Medium – Method by Analysis of Evolved Carbon
8.4.2.1.1 Summary
This international standard specifies a method for the evaluation of the biodegra-
dation of plastic materials while exposed to an aqueous mineral medium. 
Biodegradation is determined by measuring the evolved carbon dioxide from the 
biodegrading sample. The test is used to measure the degree and rate of aerobic 
biodegradation of plastic materials on exposure to activated sludge biomass or a 
suspension of active soil under laboratory conditions at solid concentrations 
between 100 and 2000 mg/l. The temperature of the test environment should be 
between 20 and 25 °C. The tests are run in duplicate.

8.4.2.1.2 Procedures
The test procedure for ISO 14852 is:

1) Measure the mass of plastic samples.
2) Measure the quality of the inoculum soil for a percentage of solid, pH, mois-

ture content, carbon/nitrogen ratio, and temperature. Carbon/nitrogen ratio 
should be approximately 40 : 1.

3) Add the plastic sample in the form of powder or small pieces to a concentra-
tion of 100–2000 mg/l of TOC with activated sludge or active soil in a test flask.

4) Connect the sample flasks to CO2- free air production.
5) Maintain the test flasks at a temperature between 20 and 25 °C.
6) Bubble CO2- free air through flasks at a rate of 50–100 ml/min.
7) Measure CO2 from the sample flasks.
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8.4.2.1.3 Materials
 ● Plastic samples.
 ● Blank activated sludge or active soil.
 ● Positive control: cellulose powder or cellulose paper.
 ● Negative control: polyethylene film.
 ● Barium hydroxide solution.

8.4.2.1.4 Equipment
 ● Flasks.
 ● Water bath or other temperature control device.
 ● Pressurized air system with CO2 free and H2O saturated air.
 ● Carbon dioxide trapping apparatus.
 ● Flexible tubing nonpermeable to CO2.
 ● Stoppers equipped with sampling ports.
 ● Analytical balance (±0.1 mg).
 ● 100- ml Burette.
 ● 0.05 N HCL.
 ● pH meter.
 ● CO2 trapping equipment with gas flow meter, gas chromatograph, or other suit-

able equipment.

8.4.2.2 Biodegradation Test Method Standard: ISO 14851 (EN14048). 
Determination of Ultimate Aerobic Biodegradability of Plastic Materials 
in an Aqueous Medium – Method by Measuring the Oxygen Demand in a 
Closed Respirometer
8.4.2.2.1 Summary
This International standard specifies a method for the evaluation of the biodegra-
dation of plastic materials while exposed to an aqueous mineral medium. 
Biodegradation is determined by measuring oxygen demand produced from the 
biodegrading sample. The percentage of biodegradation is calculated by compar-
ing the biological oxygen demand to the chemical oxygen demand, determined by 
the chemical oxidation of the test item or by stoichiometric formula. The principle 
and test procedures are very similar to ISO 14852 (Bastioli 2005).

The test is used to measure the degree and rate of aerobic biodegradation of 
plastic materials on exposure to activated- sludge biomass or a suspension of active 
soil under laboratory conditions at solid concentrations between 100 and 
2000 mg/l. The temperature of the test environment should be between 20 and 
25 °C. The tests are run in duplicate.
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8.4.2.2.2 Procedures
The test procedure for ISO 14852 is:

1) Measure the mass of plastic samples.
2) Add the plastic sample in the form of powder or small pieces to a concentra-

tion of 100–2000 mg/l of TOC with activated sludge or active soil in a test flask.
3) Connect the sample flasks to CO2- free air production.
4) Maintain the test flasks at a temperature between 20 and 25 °C.
5) Bubble CO2- free air through flasks at a rate of 50–100 ml/min.
6) Measure CO2 from the sample flasks.

8.4.2.2.3 Materials
 ● Plastic samples.
 ● Blank activated sludge or active soil.
 ● Positive control: cellulose powder or cellulose paper.
 ● Negative control: polyethylene film.

8.4.2.2.4 Equipment
 ● Flasks.
 ● Water bath or other temperature control device.
 ● Pressurized air system with CO2 free and H2O saturated air.
 ● Flexible tubing nonpermeable to CO2.
 ● Stoppers equipped with sampling ports.
 ● Analytical balance (±0.1 mg).
 ● 100- ml Burette.
 ● pH meter.
 ● O2 trapping equipment with gas flow meter, gas chromatograph, or other suit-

able equipment.

8.5  Anaerobic Digestion

Anaerobic digestion is a process where food and agricultural waste can be con-
verted to methane and carbon dioxide in a thermophilic reactor. Anaerobic diges-
tion is a series of processes in which microorganisms break down biodegradable 
material in the absence of oxygen (NNFCC Renewable Fuels and Energy 
Factsheet: Anaerobic Digestion 2013). It is used for industrial or domestic pur-
poses to manage waste and/or to release energy. The digestion process begins with 
bacterial hydrolysis of the input materials to break down insoluble organic poly-
mers, such as carbohydrates, and make them available for other bacteria. 
Acidogenic bacteria then convert the sugars and amino acids into carbon dioxide, 
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hydrogen, ammonia, and organic acids. Acetogenic bacteria then convert these 
resulting organic acids into acetic acid, along with additional ammonia, hydro-
gen, and carbon dioxide. Finally, methanogens convert these products to methane 
and carbon dioxide. Anaerobic digestion is used as part of the process to treat 
organic and agricultural waste and sewage sludge. Anaerobic digestion can also be 
used to remove organic waste at waste water treatment operations. Biodegradable 
plastics can hold organic and agricultural waste with the use of biodegradable 
plastic bags. The biodegradable plastic can be a food source for the anaerobes in 
the digester. The biodegradable plastic and organic waste can be converted into 
carbon dioxide, methane, and other trace gases. Standards are necessary to moni-
tor the performance of biodegradable plastics in an aerobic digestion reactor. The 
anaerobic decomposition takes place under high solids (more than 30% total sol-
ids) and static non- mixed conditions. The biodegradation process usually requires 
one to two weeks of dwell time. Table 8.5 lists the biodegradation standards for 
anaerobic digestion.

8.5.1 US Biodegradation Standards for Anaerobic Digestion

8.5.1.1 Biodegradation Test Method Standard: ASTM D5511- 02. 
Standard Test Method for Determining Anaerobic Biodegradation of Plastic 
Materials under High Solids Anaerobic- Digestion Conditions
8.5.1.1.1 Summary
This test method establishes the procedures, equipment, materials, and condi-
tions to measure the degree and rate of biodegradation of plastic materials under 
anaerobic thermophilic to produce repeatable and reproducible test results under 
controlled anaerobic- digestion conditions that simulate industrial conditions. 
The plastic test samples are exposed to an inoculum that is derived from an aero-
bic digester or waste water treatment operation. The anaerobic thermophilic con-
ditions of the test are provided in an environment where temperature, methane, 
carbon dioxide, and oxygen levels are closely monitored and controlled. The 

Table 8.5 Biodegradation standards for anaerobic- digestion environment.

Region Performance specification Test method Measurement method

Australia None ISO 14853 CO2 measurement

Europe None ISO 14853 CO2 measurement

Japan None ISO 14853 None

USA None ASTM D5511 CO2 measurement
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plastic samples can be in the form of films, powders, pellets, or molded pieces and 
are placed in a vessel with warm inoculum with proper anaerobic bacteria. The 
test containers are at 50 °C (±2 °C) for 30 days. The biogas from the container is 
 measured for CH4, CO2, and O2 over the testing period. The standard for  anaerobic 
digestion comprises a biodegradation test method and not a biodegradation 
specification.

8.5.1.1.2 Procedures
The test procedures for ASTM D- 5511- 02  involve placing 1000 g of inoculum 
derived from a properly operating anaerobic digester that is made from pretreated 
household waste. The inoculum should be derived from a digester operating 
under greater than 20% total solids conditions. A minimum of 12 test vessels are 
required for the test. The containers will be provided for the plastic sample and 
the following plastic samples, blank, positive control, and negative control. The 
testing is completed in triplicate. The plastic samples are added to each test con-
tainer in quantities up to 100 g. The positive control must obtain greater than 70% 
biodegradation in 30 days. The inoculum is tested for pH, volatile fatty acids, and 
NH4

+–N/NO3 ratio. The test apparatus can include an inverted graduated cylinder 
or plastic column. The graduated cylinder or plastic column is inverted in a low 
pH fluid to avoid CO2 loss through the dissolution in the fluid. The biogas is cal-
culated through a pressure measurement of the inverted tubes. The biogas can 
also be measured with a gas chromatograph to determine the percentage of CH4 
and CO2 in the biogas. An example of a test apparatus is provided in Figure 8.3. 
The testing apparatus will provide measurements of pressure over 30 days. 
Through ideal gas law, the pressure can be converted to grams of biogas. The 

T = 50 °C

Biogas

Sample

Fluid with pH = 2 or less

GC

Figure 8.3 Experimental setup for laboratory environment for anaerobic digester test 
per ASTM standards.
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concentration of biogas can be converted to concentrations of CO2 and CH4. The 
conversion of carbon from the plastic sample to CO2 and CH4 can be determined. 
This will result in the carbon biodegradation percentage over 30 days in a high 
solids anaerobic digester.

8.5.1.1.3 Materials
 ● Plastic samples.
 ● Blank anaerobic digester inoculum.
 ● Positive control: cellulose powder or cellulose paper.
 ● Negative control: polyethylene film.

8.5.1.1.4 Equipment
 ● Test jars.
 ● Low pH fluid bath or other temperature control device.
 ● Flexible tubing nonpermeable to CH4, CO2, O2.
 ● Stoppers equipped with sampling ports.
 ● Graduated cylinder or plastic tube.
 ● Analytical balance (±0.1 mg).
 ● pH meter.
 ● Gas chromatograph.

8.5.2 International Biodegradation Standards 
for Anaerobic Digestion

8.5.2.1 Biodegradation Test Method Standard: ISO 14853:2005 Plastics. 
Determination of Ultimate Anaerobic Biodegradation of Plastic Materials 
in an Aqueous System. Method of Biogas Production
8.5.2.1.1 Summary
This test method specifies a method for determining the ultimate biodegradability 
of plastics by anaerobic microorganisms. The conditions described in this test 
method simulate the conditions of some anaerobic digesters. The plastic test sam-
ples are exposed to an inoculum that is derived from digested sludge from waste 
water treatment operations. The anaerobic thermophilic conditions of the test are 
provided in an environment where temperature, methane, carbon dioxide, and 
oxygen levels are closely monitored and controlled.

The plastic samples can be in the form of films, powders, pellets, or molded 
pieces and are placed in a vessel with warm inoculum with proper anaerobic 
bacteria. The test containers are at 35 °C (±2 °C) for 60 days. The biogas from the 
container is measured for CH4, CO2, and O2 over the testing period. The standard 
for anaerobic digestion comprises a biodegradation test method and not a bio-
degradation specification.
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8.5.2.1.2 Procedures
The test procedures for ISO 14853:2005 
involve placing 1000 ml of inoculum derived 
from properly operating anaerobic digester 
that is made from digested sludge. The con-
centration of test materials is 20–200 mg/l of 
organic carbon. Approximately, 350 ml of 
inoculum is added to the test sample. A head 
space of 20% is recommended. A reference 
material or positive control can be cellulose, 
poly (hydroxybutyrate), or poly (ethylene 
glycol). The glass vessels have sizes of 0.1–1 l 
with gas- tight septum rated for 2000 kPa. 
Plastic samples are added to glass containers 
that include plastic samples, blank, positive 

control, and negative control. The testing is completed in triplicate. The positive con-
trol must obtain greater than 70% biodegradation in 60 days. The inoculum is tested 
for pH, volatile fatty acids, and NH4

+–N/NO3 ratio. Biogas measurement is achieved 
with a monometer or volumetric device. An example of a test apparatus is provided 
in Figure  8.4. The testing apparatus will provide measurements of pressure over 
60 days. Through ideal gas law, the pressure can be converted to grams of biogas. The 
concentration of biogas can be converted to concentrations of CO2 and CH4. The 
conversion of carbon from the plastic sample to CO2 and CH4 is determined. This 
will result in the carbon biodegradation percentage over 30 days in a high solids 
anaerobic digester.

8.5.2.1.3 Materials
 ● Plastic samples.
 ● Blank anaerobic digested sludge inoculum.
 ● Positive control: cellulose powder or poly(hydroxybutyrate), or poly(ethylene 

glycol).
 ● Negative control: polyethylene film.

8.5.2.1.4 Equipment
 ● Test jars: 0.1–1 l.
 ● Low pH fluid bath or other temperature control device.
 ● Flexible tubing nonpermeable to CH4, CO2, O2.
 ● Stoppers equipped with sampling ports.
 ● Graduated cylinder or plastic tube.
 ● Manometer.

T = 35 °C

Manometer

Sample

Figure 8.4 Experimental setup for 
laboratory environment for anaerobic 
digester test per ISO standards.
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 ● Analytical balance (±0.1 mg).
 ● pH meter.
 ● Gas chromatograph.

8.6  Active Landfill

Landfills in the United States are typically built with the EPA guidelines with 
the  use of clay linings and a landfill cap (Criteria for Solid Waste Disposal 
Facilities 2013). The most common material for landfill caps is made from asphalt 
or concrete (Remediation Technologies Screening Matrix and Reference 
Guide 2013). Landfills can operate with creation of biogas that is composed of 
methane, carbon dioxide, and other trace gases. Methane gas can be vented and 
burned or can be captured and stored for energy purposes. The carbon dioxide 
and other gases must be scrubbed to provide a clean methane gas without carbon 
dioxide or other gases. Some landfills are considered active and provide clean 
methane gas for energy consumption. Biodegradable plastics can hold the waste 
as trash bags for disposal and provide a food source for the aerobic and anaerobic 
bacteria that are in the landfill. Standards are needed to evaluate the biodegrada-
tion of biodegradable plastics in landfills. Table 8.6 lists the biodegradation stand-
ards for an active landfill environment. The standard for active landfill comprises 
a biodegradation test method and not a biodegradation specification.

8.6.1 US Biodegradation Standards for Active Landfill

8.6.1.1 Biodegradation Test Method Standard: ASTM D5526- 11. 
Determining Anaerobic Biodegradation of Plastic Materials under 
Accelerated Landfill Conditions
8.6.1.1.1 Summary
This test method establishes the degree and rate of anaerobic biodegradation of 
plastic materials under anaerobic mesophilic conditions in an accelerated landfill 

Table 8.6 Biodegradation standards for active landfill environment.

Region Performance specification Test method Measurement method

Australia None None — 

Europe None None — 

Japan None None — 

USA None D5526, D7575 CO2 measurement
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test environment. This test method is designed to yield a percentage of carbon 
conversion from the plastic sample to methane or carbon dioxide biogas. This test 
method is designed to provide repeatable and reproducible test results under con-
trolled anaerobic conditions that simulate high solids (>30%) active landfill con-
ditions. The plastic test samples are exposed to an inoculum that is derived from 
an aerobic digester or waste water treatment operation.

The anaerobic mesophilic conditions of the test are provided in an environment 
where temperature, methane, carbon dioxide, and oxygen levels are closely moni-
tored and controlled. The plastic samples can be in the form of films, powders, 
pellets, or molded pieces and are placed in a vessel with cool inoculum with 
proper anaerobic bacteria. The test containers are at 35 °C (±2 °C) for up to 
365 days. The biogas from the container is measured for CH4, CO2, and O2 over the 
testing period.

8.6.1.1.2 Procedures
The test procedures for ASTM D5526 involve placing 600 g of household waste with 
100 g of inoculum derived from a properly operating anaerobic digester that is made 
from pretreated household waste. The inoculum should be derived from a digester 
operating under greater than 30% total solids conditions. A minimum of 27 test ves-
sels are required for the test with a volume between 4 and 6 l. The containers will be 
provided for the plastic sample and the following plastic samples, blank, positive 
control, and negative control. The testing is completed in triplicate. The plastic sam-
ples are added to each test container in quantities between 60 and 100 g of dry weight. 
The mixture should contain approximately 60% dry weight of solids. The positive 
control must obtain greater than 70% biodegradation at the end of the test. The inoc-
ulum is tested for pH, volatile fatty acids, and NH4

+–N/NO3 ratio. The test apparatus 
can include a pressure- resistant glass vessel. The vessel should withstand a pressure 

of two atmospheres. The graduated 
cylinder or plastic column is inverted 
in a low pH fluid to avoid CO2  loss 
through the dissolution in the fluid. 
The biogas is calculated through a 
pressure measurement of the inverted 
tubes. The biogas can also be meas-
ured with a gas chromatograph to 
determine the percentage of CH4 
and CO2  in the biogas. An example 
of  a  test apparatus is provided in 
Figure 8.5. The testing apparatus will 
provide measurements of pressure 
over 30 days. Through ideal gas law, 

T = 35 °C

Manometer

Sample

Figure 8.5 Experimental setup for 
laboratory environment for active 
landfill test.
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the pressure can be converted to grams of biogas. The concentration of biogas can be 
converted to concentrations of CO2 and CH4. The conversion of carbon from the 
plastic sample to CO2 and CH4 can be determined. This will result in the carbon 
biodegradation percentage over 30 days in a high solids anaerobic digester.

8.6.1.1.3 Materials
 ● Plastic samples.
 ● Anaerobic digester inoculum.
 ● Pretreated household solid organic waste.
 ● Positive control: cellulose powder or cellulose paper.
 ● Negative control: polyethylene film.

8.6.1.1.4 Equipment
 ● Test jars.
 ● Flexible tubing nonpermeable to CH4, CO2, O2.
 ● Stoppers equipped with sampling ports.
 ● Incubator.
 ● Pressure transducer.
 ● Analytical balance (±0.1 mg).
 ● pH meter.
 ● Gas chromatograph.

8.6.1.2 Biodegradation Test Method Standard: ASTM D7475- 11. 
Determining Aerobic Degradation and Anaerobic Biodegradation of Plastic 
Materials under Accelerated Landfill Conditions
8.6.1.2.1 Summary
This two- tiered test method modifies ASTMD5526 by adding an aerobic degrada-
tion test method to the anaerobic biodegradation test method. ASTM D7475 estab-
lishes the degree of aerobic degradation and rate of anaerobic biodegradation of 
plastic materials under anaerobic mesophilic conditions in an accelerated landfill 
test environment. This test method is designed to establish mechanical tests or 
materials tests in addition to a percentage of carbon conversion from the plastic 
sample to methane or carbon dioxide biogas. This test method is designed to pro-
vide repeatable and reproducible test results under controlled aerobic and anaero-
bic conditions that simulate high solids (>30%) active landfill conditions. The 
plastic test samples are exposed to an inoculum that is derived from an aerobic 
digester or waste water treatment operation. The first tier of the test method is 
designed to estimate aerobic biodegradation through the measurement of loss of 
mechanical properties, for example, tensile strength or modulus, molecular 
weight, or other characteristics. In the second tier of the test method, anaerobic is 
designed to provide mesophilic conditions of the test in an environment where 
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temperature, methane, carbon dioxide, and oxygen levels are closely monitored 
and controlled. The plastic samples can be in the form of films, powders, pellets, 
or molded pieces and are placed in a vessel with cool inoculum with proper anaer-
obic bacteria. The test containers are at 35 °C (±2 °C) for up to 365 days. The biogas 
from the container is measured for CH4, CO2, and O2 over the  testing period.

8.6.1.2.2 Procedures
The test procedures for the first tier of ASTM D7475- 11 involve measuring base-
line mechanical or chemical properties and then placing test specimens in an 
aerobic degradation environment. The mechanical or chemical properties are 
measured after a specified time. Differences in mechanical or chemical properties 
are recorded. The test procedures for the second tier of ASTM D7475- 11 involve 
placing 600 g of household waste with 100 g of inoculum derived from properly 
operating anaerobic digester that is made from pretreated household waste. The 
inoculum should be derived from a digester operating under greater than 30% total 
solids conditions. A minimum of 27 test vessels are required for the test with a vol-
ume between 4 and 6 l. The containers will be provided for the plastic sample and 
the following plastic samples, blank, positive control, and negative control. The 
testing is completed in triplicate. The plastic samples are added to each test con-
tainer in quantities between 60 and 100 g of dry weight. The mixture should contain 
approximately 60% dry weight of solids. The positive control must obtain greater 
than 70% biodegradation at the end of the test. The inoculum is tested for pH, vola-
tile fatty acids, and NH4

+–N/NO3 ratio. The test apparatus can include a pressure- 
resistant glass vessel. The vessel should withstand a pressure of two atmospheres. 
The graduated cylinder or plastic column is inverted in a low pH fluid to avoid 
CO2 loss through the dissolution in the fluid. The biogas is calculated through a 
pressure measurement of the inverted tubes. The biogas can also be measured with 
a gas chromatograph to determine the percentage of CH4 and CO2 in the biogas. An 
example of a test apparatus is provided in Figure 8.5. The testing apparatus will 
provide measurements of pressure over 30 days. Through ideal gas law, the pressure 
can be converted to grams of biogas. The concentration of biogas can be converted 
to concentrations of CO2 and CH4. The conversion of carbon from the plastic sam-
ple to CO2 and CH4 can be determined. This will result in the carbon biodegrada-
tion percentage over 30 days in a high solids anaerobic digester.

8.6.1.2.3 Materials
 ● Plastic samples.
 ● Anaerobic digester inoculum.
 ● Pretreated household solid organic waste.
 ● Positive control: cellulose powder or cellulose paper.
 ● Negative control: polyethylene film.
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8.6.1.2.4 Equipment
 ● Test jars.
 ● Flexible tubing nonpermeable to CH4, CO2, O2.
 ● Stoppers equipped with sampling ports.
 ● Incubator.
 ● Pressure transducer.
 ● Analytical balance (±0.1 mg).
 ● pH meter.
 ● Gas chromatograph.
 ● Mechanical tests, for example, tensile, impact, etc.
 ● Chemical tests, for example, Fourier transform infrared spectroscopy (FTIR), 

differential scanning calorimetry (DSC), gas chromatograph/mass spectroscopy 
(GC/MS), and molecular weight.

8.6.2 International Biodegradation Standards for Active Landfill

Currently, there are no ISO test methods that are equivalent to the active landfill 
standard test method.

8.7  Home Compost

8.7.1 European Home Compost Certification

AIB- Vincotte International has a biodegradable home compost test certification 
for plastic products that references EN 13432 performance specification and other 
ISO biodegradable test methods. Biodegradation in soil environments is based on 
International OK Biodegradable Soil standards. Table 8.7 lists the biodegradation 
standards for home composting.

Table 8.7 Biodegradation standards for home composting environment.

Region Performance specification Test method
Measurement 
method

Australia None None — 

Europe EN13432 modified for 
longer times

ISO 14855- 2 modified 
for lower temperatures

CO2 
measurement

Japan None None — 

USA None None — 
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8.7.1.1 Summary
This European certification establishes the performance requirements for biodeg-
radation of plastic materials and products (including packaging, films, and other 
products) while under cool home composting conditions. The certification speci-
fies modifications to EN 13432. The home compost environment is one that main-
tains a temperature below 30 °C and results in mesophilic conditions. The 
certification requires the use of EN 14855 (ISO 17088) test method to measure the 
amount of CO2 that is emitted from the degrading plastic sample. Vincotte home 
compost certification requires the product must demonstrate each of the four 
characteristics as follows:

1) Biodegradability.
2) Disintegration during biological treatment.
3) Minimal effect on the organic matter with the limit on heavy metals and other 

hazardous substances.
4) Minimal effect on the quality of the resulting compost.

8.7.1.2 Procedures
The Vincotte home compost certification specifies that three types of tests are per-
formed on the plastic samples. The first test measures the percentage of disintegra-
tion of the plastic samples while under cool home compost conditions. The plastic 
samples are weighed prior to exposure to test conditions. The samples are placed 
in home compost soil with the use of a sack, bag, or screened container. The plastic

samples are exposed to home composting conditions between 20 and 30 °C for 
12 months. The mass of the plastic sample is measured after six months by passing 
the plastic sample and compost through a 2.0- mm sieve. EN 13432 standard speci-
fies that no more than 10% of the original dry weight of the plastic material 
remains. The second test procedure for EN 13432 standard specifies that a satis-
factory rate of biodegradation of the plastic material that is cool home composting 
conditions between 20 and 30 °C for 12 months, that is, more than 90% of the 
carbon in the original plastic sample is converted into CO2 as measured by a CO2 
respirometer or wet chemistry methods. The details of the test procedures are 
listed in ISO 14855, ISO 14851, ISO 14852, or ISO 17566 test methods. Testing to 
support plant growth through phytotoxicity testing and very low regulated heavy 
metal concentrations. Phytotoxicity testing is achieved through the planting of 
two seed crops in the tested compost soil. The growth of the plants after 10 days 
indicates positive soil conditions for plant growth. Plant biomass tests can reveal 
quality differences between composts and can indicate potential plant stress 
induced by the compost at the given level used in the test.

Regulated heavy metal testing measures the concentrations of regulated heavy 
metals or other toxic and hazardous substances in the compost soil at the end of 
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the biodegradation testing. The concentrations of regulated heavy metals or other 
toxic and hazardous substances must be less than 0.1% of the dry weight of the 
plastic material.

8.7.1.3 Specifications
Home compost specification specifies that a plastic material is compostable if it 
meets the following specifications:

1) Satisfactory disintegration of the plastic material that is under home compost-
ing conditions between 20 and 30 °C for 12 months that no more than 10% of 
the original dry weight of the plastic material remains after passing through a 
2.0- mm sieve. Also, the biodegradation testing shall not have any adverse 
effects on the composting process.

2) Satisfactory rate of biodegradation of the plastic material that is under indus-
trial composting conditions between 20 and 30 °C for 12 months, that is, more 
than 90% of the carbon in the original plastic sample is converted into CO2 as 
measured by measuring the amount of release CO2 through wet chemistry 
methods.

3) Satisfactory ability of the compost soil at the end of the biodegradation testing 
to support plant growth through phytotoxicity testing and less than 0.1% of dry 
weight of regulated heavy metals, toxic, or hazardous substances.

8.7.2 US Home Composting Standards

Currently, ASTM does not have a test method or specification for home compost 
biodegradation.

8.8  Soil Biodegradation

8.8.1 European Soil Biodegradation Certification

AIB- Vincotte International has a certification for biodegrade in soil environments 
based on International OK Biodegradable Soil standards. The certification for 
plastic products references EN 13432 performance specification and other ISO 
biodegradable test methods. Table 8.8 lists the biodegradation standards for soil 
biodegradation.

8.8.1.1 Summary
This European certification establishes the performance requirements for biodeg-
radation of plastic materials and products (including packaging, films, and other 
products) while under cool soil burial conditions. The certification specifies 
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modifications to EN13432. The soil biodegradation environment is one that main-
tains a temperature below 30 °C and results in mesophilic conditions. The certifi-
cation requires the use of EN 14855 (ISO 17088) test method to measure the 
amount of CO2 that is emitted from the degrading plastic sample. Vincotte soil 
biodegradation certification requires the product must demonstrate each of the 
following characteristics:

1) Biodegradability.
2) Minimal ecotoxicity on the organic matter with limit on heavy metals and 

other hazardous substances.

8.8.1.2 Procedures
The Vincotte soil biodegradation certification specifies that two types of tests are 
performed on the plastic samples. The first test procedure for modified EN 13432 
standard specifies that a satisfactory rate of biodegradation of the plastic material is 
under soil burial conditions between 20 and 30 °C for 24 months, that is, more than 
90% of the carbon in the original plastic sample is converted into CO2 as measured 
by a CO2 respirometer or wet chemistry methods. The details of the test procedures 
are listed in ISO 14855, ISO 14851, ISO 14852, or ISO 17566 test methods.

The third test procedure for the modified EN 13432 standard specifies a satisfac-
tory ability of the soil at the end of the biodegradation testing to support plant 
growth through ecotoxicity testing to identify detrimental environmental effects. 
Testing is conducted according to methods listed in EN 13432 on ecotoxicity.

8.8.1.3 Specifications
Soil biodegradation specification specifies that a plastic material is compostable if 
it meets the following specifications:

 ● Satisfactory rate of biodegradation of the plastic material that is under indus-
trial composting conditions between 20 and 30 °C for 24 months, that is, more 
than 90% of the carbon in the original plastic sample is converted into CO2 as 

Table 8.8 Biodegradation standards for soil biodegradation environment.

Country Performance specification Test method
Measurement 
method

Australia None None — 

Europe EN13432 modified for 
longer times

ISO 14855- 2 modified 
for lower temperatures

CO2 
measurement

Japan None None –

USA None None — 
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measured by measuring the amount of release CO2 through wet chemistry 
methods.

 ● Satisfactory ability of the compost soil at the end of the biodegradation testing 
to support plant growth through ecotoxicity testing.

8.8.2 US Soil Biodegradation Standards

Currently, ASTM does not have a test method or specification for soil 
biodegradation.

8.9  Summary

Biodegradation standards of plastic materials require that plastic materials must 
convert to CO2, water, and biomass in a disposal environment in a defined times-
pan. Biodegradation standards are established from several worldwide standards 
organizations for disposal environments, including industrial compost, marine 
environment, anaerobic digestion, landfill, and home compost. Biodegradation 
standards for plastic materials in industrial compost and marine environments are 
established based on two necessary categories for biodegradation: biodegradation 
testing method and biodegradation performance specifications. For industrial 
compost, ISO and ASTM composting standards require that plastic materials 
under prescribed testing conditions disintegrate sufficiently after 12 weeks during 
composting, biodegrade sufficiently after 180 days, and result in no adverse impacts 
on the ability of compost to support plant growth. Certification is available for 
meeting ISO or ASTM standards for biodegradation under industrial compost. For 
home compost, Vincotte has a certification for biodegradion in soil environments 
based on International OK Biodegradable Soil standards. The home composting 
certificate requires that plastic materials under prescribed testing conditions bio-
degrade sufficiently after 24 months, and result in no adverse impacts on the ability 
of compost to support plant growth. ASTM does not, currently, provide standards 
for home composting. For the marine environment, ISO and ASTM composting 
standards require that plastic materials under prescribed testing conditions disin-
tegrate sufficiently after 12 weeks during composting, biodegrade sufficiently after 
180 days, and result in no adverse effect on the marine environment. Certification 
is available for meeting ISO or ASTM standards for marine biodegradation.

Anaerobic digestion has ISO and ASTM standards for testing methods but not 
for biodegradation performance. Anaerobic- digestion test method establishes the 
procedures, equipment, materials, and conditions to measure the degree and rate 
of biodegradation of plastic materials under anaerobic thermophilic conditions. 
Certification is not available for meeting performance standards for biodegrada-
tion under anaerobic digestion conditions.
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Test method standards for plastic materials in active landfill conditions are 
available with ASTM standards but not with ISO standards. This test method 
establishes the degree and rate of anaerobic biodegradation of plastic materials 
under anaerobic mesophilic conditions in an accelerated landfill test environ-
ment. Certification is not available for meeting performance standards for biodeg-
radation under active landfill conditions.
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This chapter will discuss the plastics that are considered commodity plastics and 
the reasons for the classification. The plastics will include low density polyethyl-
ene (LDPE), linear low density polyethylene (LLDPE), high density polyethylene 
(HDPE), and ultra high molecular weight density polyethylene (UHMWPE), 
polypropylene (PP), thermoplastic polyolefin (TPO), polystyrene (PS), poly vinyl 
chloride (PVC), vinyl, poly methyl methacrylate (PMMA), polyethylene copoly-
mers, and blends. The discussion will include the manufacturing process to make 
the plastic pellets, their mechanical and thermal properties, shrinkage, and many 
typical applications of these plastics.

Plastics are versatile, durable, and inexpensive to produce. Plastic production 
has increased dramatically in the last 10 years. Figure 9.1 shows worldwide plastic 
production from 1950 to 2015.

Olefins are unsaturated, aliphatic hydrocarbons made from ethylene gas. Many 
commodity plastics have a simple chemical structure that is very similar to that of 
polyethylene and are called olefins. Ethylene gas is produced by cracking higher 
hydrocarbons of natural gas or petroleum. Olefin means oil forming and it has been 
given to ethylene because oil was formed when ethylene was treated with Cl. It now 
applies to all hydrocarbons with linear C::C double bonds (not aromatic C::C double 
bonds). Polyethylene was discovered around 1900, though using an expensive 
process. LDPE was commercialized in 1939. HDPE was commercialized in 1957.

9.1  Definition of Commodity Plastics

Commodity thermoplastics are plastics that have lower mechanical and thermal 
properties than engineering plastics. They can be made in packaging products. 
They are cheaper per pound than engineering plastics. Conventional plastic 

9
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molding operations can be used to produce inexpensive parts. They cannot usu-
ally be painted, but paint adhesion promoters can be added.

9.2  Commodity Plastics

Polyolefins are the biggest group of commodity plastics. They can include the 
following:

 ● Polypropylene
 ● Polyethylene
 ● Polystyrene
 ● Polyvinyl chloride (PVC)
 ● TPO
 ● SAN
 ● PMMA
 ● Acrylics

The chemical structures of polyolefins are listed in 
Figures 9.2–9.5. The chemical structure of ethylene gas 
involves two carbon atoms and four hydrogen atoms with 
an unsaturation chemical bond of C=C, double bonds. 
This monomer is polymerized to form polyethylene.

The unsaturated chemicals can be polymerized with 
several methods to produce polyethylene, polypropylene, 
poly butene, and poly 4- methyl pentene as shown in 

H

C C

H

H H

Figure 9.2  Chemical 
structure of ethylene 
monomer.
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Figure 9.1  Worldwide plastic production from 1950 to 2015. Source: Plastic annual 
production (2020).
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Figures 9.6–9.9. The chemical structure of polyethylene 
involves two carbon atoms and four hydrogen atoms that 
repeat over and over again in a polymer chain. The repeat-
ing monomer can be over 1000 units in some polyethyl-
ene plastics.

Polyethylene can be made by purifying a quantity of 
ethylene, known as the feedstock, before adding a cata-
lyst (Polyethylene 2020). This will begin a reaction that 
causes the ethylene molecules to form the polymer poly-
ethylene. The first step in the polymerization process is 
to purify the ethylene feedstock. During the manufacture of ethylene, this mon-
omer can pick up many impurities, such as moisture, sulfur, and ammonia. 
Further impurities can occur during storage and transportation. Run the ethyl-
ene through a purity regulator. This device will mix several gases with the feed-
stock ethylene under high pressure and draw off the impurities and foreign 
matter. At the end of the purification process, pass the ethylene into the 
 reaction tank.

The second step is to add a catalyst to the purified ethylene. A typical catalyst 
used in this process is benzyl peroxide. The molecules in benzyl peroxide have the 
ability to fall apart. A benzyl peroxide molecule breaks down into two pieces, each 
with an unpaired electron. This type of molecule fragment is called a free radical. 
The unpaired electron in a free radical will now search for electrons to pair with 
in the ethylene feedstock.

H

C C

H

CH3 H

Figure 9.3  Chemical 
structure of 
propylene monomer
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H
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Figure 9.4  Chemical 
structure of butene 
monomer.
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Figure 9.5  Chemical 
structure of 4- methyl 
pentene monomer.
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Figure 9.6  Chemical 
structure of 
polyethylene.
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Figure 9.7  Chemical 
structure of 
polypropylene.
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Figure 9.8  Chemical 
structure of poly 
isobutene.
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Figure 9.9  Chemical 
structure of poly 
methylpentene.
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The third step is to allow the benzyl peroxide to react with the ethylene. Since 
the fragments of the catalyst molecules take electrons from the previously stable 
ethylene molecules, the latter now try to replace their missing electrons by taking 
electrons from other ethylene molecules and forming a bond with them. Each 
time this happens, an electron gap occurs and must be filled by bonding with yet 
another ethylene molecule. Provided there are few impurities in the feedstock, 
this process can go on for a long time.

Typically, an additional catalyst is added whenever the reaction begins to slow. 
The growing chains of molecules can find each other and join, ending the search 
for electrons to fill the gaps created by the initial reaction. More catalysts will 
restart the reaction.

The fourth step is to pour the polyethylene into a pelletizer. This machine will 
shape small amounts of polyethylene into pellets for storage and transportation. 
These tiny pellets can then be reheated and formed into whatever shape is needed.

Well over 75 million tonnes of poly(ethene), often known as polyethylene, is 
manufactured each year, making it an important plastic. This accounts for over 
60% of the ethene manufactured each year (Polyethylene basics 2020). Poly(ethene) 
is made by several methods which use the addition polymerization of ethene, 
which is principally produced by the cracking of ethane and propane, naphtha, 
and gas oil.

There are several polyethylene types that are used today. The two simplest ones 
are low- density polyethylene and high- density polyethylene. They are produced 
using different processes that influence their chemical structure. Polyethylene is 
produced using the low- pressure process (Ziegler) or the high- pressure process 
(ICI). Polyethylene can be produced with linear (HDPE) or branched (LDPE) 
chains. Over 100 million tonnes of polyethylene was produced in 2019 (Ibid).

Low density has lower density is caused by a branching process of the polymer 
during polymerization. Figure 9.10 shows the configuration of the branched low- 
density polyethylene.

It can be represented by Figure 9.11:
There are about 20 branches per 1000 carbon atoms. The relative molecular 

mass and the branching influence the physical properties of LDPE. The branching 
affects the degree of crystallinity, which in turn affects the density of the material. 
LDPE is generally amorphous and transparent with about 50% crystallinity. The 
branches prevent the molecules from fitting closely together and so it has low 
density.

Branching can affect mechanical and physical properties in low- density poly-
ethylene. For example, branching of the polymer causes the plastic to have lower:

 ● Density
 ● Crystallinity
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 ● Melting point
 ● Creep resistance
 ● Tensile strength
 ● Tensile modulus
 ● Stiffness
 ● Hardness
 ● Shrinkage

Branching can also increase impact toughness, elongation, transparency, and 
permeability of non- polar molecules, like oxygen.

Polyethylene can be produced in Brazil for the production that is made from 
sugar cane by way of bioethanol. This new bio-polyethylene will have the same 
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Figure 9.10  Branched low density polyethylene configuration.

Figure 9.11  Branched LDPE schematic.
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mechanical properties as petroleum-based polyethylene. This bio- based polyeth-
ylene can be made with a lower carbon  footprint (BioPE 2022).

Polyethylene and other polymers can be made with addition polymerization 
and the following methods:

 ● Bulk Polymerization
 ● Solution Polymerization
 ● Suspension Polymerization
 ● Emulsion Polymerization

9.2.1 Low- Density Poly(ethylene) (LDPE)

LDPE produced with a higher- pressure process using free radical polymerization 
with “Addition” polymerization, as shown in Figure 9.12.

Free radical polymerization is a method of polymerization by which a polymer 
forms by the successive addition of free- radical building blocks. Free radicals can 
be formed via a number of different mechanisms, usually involving separate ini-
tiator molecules. Following its generation, the initiating free radical adds mono-
mer units, thereby growing the polymer chain.

The process is operated under very high pressure of 14 000–28 000 psi at moder-
ate temperatures of 150–300 °C. This is a radical polymerization process and an 
initiator, such as a small amount of oxygen, and/or an organic peroxide, is used. 
Ethene gas with purity in excess of 99.9% is compressed and passed into a reactor 
together with the initiator. The molten polyethylene is removed, extruded, and cut 
into granules. Unreacted ethene is recycled. The average polymer molecule con-
tains 4000–40 000 carbon atoms, with many short branches.

There are four types of polyethylene. Each has a different density.

 ● Type 1: (Branched) Low density of 0.910–0.925 g/cc
 ● Type 2: Medium density of 0.926–0.940 g/cc
 ● Type 3: High density of 0.941–0.959 g/cc
 ● Type 4: (Linear) High density to ultra- high density > 0.959 g/cc
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9.2.1.1 High- Density Poly(ethene) (HDPE)
HDPE is expected to produce 360  million metric tonnes in 2020 globally 
(Plastic- production 2022).

HDPE is produced using a low- pressure and - temperature process with Ziegler-  
and metallocene- based catalysts. HDPE has a density of greater than or equal to 
0.941 g/cc. HDPE has a low degree of branching. The mostly linear molecules pack 
together well, so intermolecular forces are stronger than in highly branched poly-
mers. HDPE can be produced using Cr/silica catalysts, and Ziegler-  and metallocene- 
based catalysts. By choosing catalysts and reaction conditions, the small amount of 
branching that does occur can be controlled. They cause new ethylene monomers 
to add to the ends of the molecules, rather than along the middle, causing the 
growth of a linear chain. HDPE has high tensile strength. Products include packag-
ing such as milk jugs, detergent bottles, butter tubs, garbage containers, and water 
pipes. One- third of all toys are manufactured from HDPE.

Two types of catalyst are used principally in the manufacture of HDPE:

 ● A Ziegler- Natta organometallic catalyst. This can be titanium compounds with 
an aluminum alkyl.

 ● An inorganic compound, known as a Phillips- type catalyst. A well- known 
example is chromium(VI) oxide on silica, which is prepared by roasting a 
chromium(III) compound at ca 1000 K in oxygen and then storing prior to use, 
under nitrogen.

HDPE is produced using three types of processes. All operate at relatively low 
pressures (10- 80 atm) in the presence of a Ziegler- Natta or inorganic catalyst. 
Typical temperatures range between 350  K and 420  K. In all three processes, 
hydrogen is mixed with ethene to control the chain length of the polymer.

1) Slurry process (using either a CSTR [continuous stirred tank reactor] or a loop 
reactor). The Ziegler- Natta catalyst, as granules, is mixed with a liquid hydro-
carbon (for example, 2- methylpropane [isobutane] or hexane), which simply 
acts as a diluent (Essential chemistry 2020).
a) A mixture of hydrogen and ethene is passed under pressure into the slurry 

and ethene is polymerized to HDPE.
b) The reaction takes place in a large loop reactor with the mixture constantly 

stirred (Figure 9.13).
c) On opening a valve, the product is released and the solvent is evaporated to 

leave the polymer, still containing the catalyst.
d) Water vapor, on flowing with nitrogen through the polymer, reacts with the 

catalytic sites, destroying their activity.
e) The residue of the catalyst, titanium(IV) and aluminum oxides, remains 

mixed, in minute amounts, in the polymer (Figure 9.14).
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9.2.1.1.1 Solution Process
The second method involves passing ethene and hydrogen under pressure into a 
solution of the Ziegler- Natta catalyst in a hydrocarbon (a C10 or C12 alkane). The 
polymer is obtained in a way similar to the slurry method.

9.2.1.1.2 Gas Phase Process
A mixture of ethene and hydrogen is passed over a Phillips catalyst in a fixed- bed 
reactor (Figure 9.15).

Ethene polymerizes to form grains of HDPE, suspended in the flowing gas, 
which passes out of the reactor when the valve is released. Modern plants some-
times use two or more of the individual reactors in series (for example, two or 
more slurry reactors or two gas phase reactors), each of which is under slightly 

Figure 9.13  The slurry process using a loop reactor (Ibid).



Gases Catalyst

Fluid bed
reactor

Compressor

Heat
exchanger

Polymer and
reactant
separation

Polyethylene
powder

Recovery
and recycling
of unreacted
ethylene

Figure 9.15  Low- pressure gas- phase process for HDPE (Ibid).

Catalyst

Dilutant

Loop
reactor

Polymer
dilutant
separation

Drying
and
ethene
removal

Conversion
to pellets

Polyethylene
pellets

Figure 9.14  The manufacture of poly(ethene) using the slurry process in a loop 
reactor (Ibid).



9 Commodity Plastics226

different conditions, so that the properties of different products from the reactors 
are present in the resulting polymer mixture, leading to a broad or bimodal molec-
ular mass distribution. This provides improved mechanical properties such as 
stiffness and toughness (Ibid).

The HDPE powder coming out of any of the reactors discussed above is sepa-
rated from the diluent or solvent (if used) and is extruded and cut up into gran-
ules. This method gives linear polymer chains with few branches. The poly(ethene) 
molecules can fit closer together. The polymer chains can be represented as shown 
in Figure 9.16.

This leads to strong intermolecular bonds, making the material stronger, denser, 
and more rigid than LDPE. The polymer is not transparent.

9.2.2 Linear Low- Density Poly(ethene) (LLDPE)

Low- density polyethylene has many uses but the high- pressure method of manu-
facture by which it is produced has high capital costs. However, an elegant tech-
nique has been developed based on both Ziegler- Natta and inorganic catalysts to 
produce linear low- density poly(ethene) (LLDPE), which has better properties 
than LDPE. Any of the three processes, slurry, solution, and gas phase, can be 
used when a Ziegler- Natta catalyst is chosen. The gas phase process is used when 
an inorganic catalyst is employed.

Linear low- density polyethylene (LLDPE) can have densities between 0.916 and 
0.930 g/cc. It contains little, if any, branching. The properties include good flex 
life, low warpage, and improved stress- crack resistance. The applications include 
films for ice, trash, garment, and produce bags. It is made with Ziegler-  and 
metallocene- based catalysts and low pressure, similar to the HDPE process. 
Linear low- density polyethylene (LLDPE) produces longer branches. LLDPE has 
16 to 25 branches per 1000 backbone carbons versus one to two branches per 1000 
backbone carbons in HDPE. LLDPE is made with olefin copolymer, which makes 

Figure 9.16  HDPE plastic schematic.
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up the side chains that are 2- , 4- , 6- , 8- - carbon long depending on the comonomer 
used (butane, hexane, or octane). LLDPE is referred to as a homopolymer due to 
the chemical similarity of copolymer.

Small amounts of a co- monomer such as but- 1- ene or hex- 1- ene are added to 
the feedstock. The monomers are randomly polymerized and there are small 
branches made up of a few carbon atoms along the linear chains (Figures 9.17 
and 9.18).

For example, with but- 1- ene, CH3CH2CH=CH2, the structure of the polymer is:
The side chains are known as pendant groups or short chain branching. The 

molecule can be represented as:
The structure is essentially linear but because of the short chain branching, it 

has low density. The structure gives the material much better resilience, tear 
strength, and flexibility without the use of additives and plasticizers. This makes 
linear low- density poly(ethene) an ideal material for the manufacture of film 
products, such as those used in wrappings. LLDPE is used in many plastic bags 
that are made from recycled polyethylene and used for reusable plastic bags. The 
properties of the polymer, and hence its uses, can be changed by changing the 
proportion of ethene and co- monomer, and by using different co- monomers.

LLDPE is cheaper to produce than LDPE. It is also produced with low pressure 
of 1 psi (6 KPa), low temperature of 212 °F (100 °C), lower construction costs, and 
lower capital, and are easy to maintain and have minimal environmental impacts. 

Figure 9.18  LLDPE plastic chains.
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The molecular weight of polyethylene is related to crystallinity and density. The 
soft materials have lower molecular weight and have lower crystallinity.

Some mechanical properties of polyethylene products is provided in Table 9.1.

9.2.3  Metallocene Linear Low- Density Poly(ethene) (mLLDPE)

This polyethylene, known as mLLDPE, is produced by a new family of catalysts, the 
metallocenes. Another name for this family is single site catalyst. The benefit is that 
the mLLDPE is much more homogenous in terms of molecular structure than clas-
sical LLDPE produced by Ziegler- Natta catalysts. The structure has a transition metal 
(often zirconium or titanium) “filling” a hole between layers of organic compounds.

The catalysts are even more specific than the original Ziegler- Natta and it is pos-
sible to control the polymer’s molecular mass as well as its configuration. Either 
the slurry or the solution processes are usually used (Figure 9.19).

Polyethylene produced using a metallocene can be used as a very thin film 
which has excellent optical properties and sealing performance, thus making it 
very effective for wrapping food. Mechanical properties are a real plus for the met-
allocene catalysts to make mLLDPE. This can be used to make a stronger polyeth-
ylene blown film.

9.2.3.1  Ultra- High Molecular Weight Polyethylene (UHMWPE)
UHMWPE is more expensive that LDPE or HDPE. UHMWPE densities are 
0.96 g/cc or greater. The molecular weight ranges from 3  million to 6  million. 
UHMWPE properties include improved high wear resistance, chemical inertness, 
and low coefficient of friction. The yield strength is 2.4 GPa (350 000 psi). Strength/
density is greater than steel and aramid fibers. The high viscosities result in the 

Table 9.1  Properties of polyethylene products.

LDPE MDPE HDPE Linear HDPE

Density 0.91–0.925 0.926–094 0.941–0.95 0.959–0.965

Cryallinity 30–50% 50–70% 70–80% 80–91%

Molecular weight 10K–30K 30K–50K 50K–250K 250K–1.5M

Tensile strength, psi 600–2300 1200–3000 3100–5500 5000–6000

Tensile modulus, psi 25K–41K 35K–75K 150K–158K 150K–158K

Tensile elongation 100–650% 100–965% 10–1300% 10–1300%

Impact strength, ft- lbs/in 5–no break 1–no break 0.4–4.0 0.4–4.0

Hardness D44–D50 D50–D60 D60–D70 D66–D73

Source: PE properties (2020).
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material not flowing or melting. It is usually machined with CNC or pressed into 
shape. It is processed similar to PTFE (Teflon). Ram extrusion and compression 
molding, and not injection molding, are used. Applications for UHMWPE include 
pump parts, seals, surgical implants, pen tips, and butcher- block cutting surfaces.

9.2.3.2  Cross- Linkable Polyethylene (XLPE)
XLPE is crosslinked by electron irradiation or chemical means. The high energy 
breaks the C–H and C–C bonds creating free radicals. It can then react with other 
nearby C–H or C–C free radicals causing crosslinking of the polyethylene. LDPE 
is the most common plastic used with this method. The chemical processing uses 
peroxide and a bridge molecule as a crosslinker that forms free radicals. This is 
effective with LDPE and HDPE. Cross- linkable polyethylene cannot be melted 
due to crosslinking. It forms a thermoset plastic that is part of the thermoplastic. 
It can be molded into rotational molded into hollow parts. The applications 
include rotational molded tanks, hot water pipes, and power cable insulation.

9.2.3.3  Copolymers of Polyethylene
A common copolymer of polyethylene is ethylene vinyl acetate. Ethylene- Vinyl 
Acetate (EVA), shown in Figure 9.20.

The chemistry of EPDM is shown in Figure 9.21.
Repeating groups in the EPDM polymer are ethylene with an acetate functional 

or vinyl. That part of the vinyl pendent group are highly polar. Vinyl acetate 

Figure 9.19  Polyethylene film is used extensively for wrapping foods. Source: Plastic 
bag (2020).
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reduces crystallinity and increases chemical reactivity because of high regions of 
polarity. This results in a flexible polymer that bonds well to other materials. 
Polyvinyl acetate (PVA) is the main ingredient in “Elmers Glue” and makes an 
excellent adhesive to wood. Other applications include flexible packaging, shrink 
wrap, auto bumper pads, flexible toys, and tubing.

Another copolymer of ethylene is ethylene- propylene (EPM). Ethylene and pro-
pylene are copolymerized in a random manner and it causes a delay in the crystal-
lization. Thus, the copolymer is rubbery at room temperature because the Tg is 
between HDPE (−110C) and PP (−20C). Ethylene and propylene can be copolym-
erized with small amounts of a monomer containing 2 C=C double bonds 
(dienes). This results in a ter polymer, EPDM, or thermoplastic rubber, TPR. If 
polypropylene is added, then the copolymer is called Thermoplastic Olefin (TPO). 
The copolymers of ethylene and propylene (EPR) or ter polymer of ethylene- 
propylene diene (EPDM) can be blended with PP in ratios that determine the stiff-
ness of the elastomer. An 80/20 EPDM/PP ratio gives a soft elastomer (TPO).

9.2.4  Polypropylene (PP)

Polypropylene is a very popular plastic for many applications. Much of it has to 
do with its low density and good tensile strength. Polypropylene (PP) is a tough, 
rigid plastic produced in a variety of molecular weights and crystallinities 
(Polypropylene 2020).

Over 35  million metric tonnes of polypropylene was produced in 2020 
(Plastic- production 2020).

Polypropylene is made from the polymerization of propylene gas in the pres-
ence of a catalyst system, usually a Ziegler- Natta or metallocene catalyst. 
Polymerization conditions (temperature, pressure, and reactant concentrations) 
are set by the polymer grade to be produced.

Various production processes exist with some general similarities. They take 
place either in a gas- phase (fluidized bed or stirred reactor) or a liquid- phase pro-
cess (slurry or solution). An example of flow diagram corresponding to each of the 
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two types of processes is illustrated in Figure 9.22. The gas- phase polymerization 
is economical and flexible and can accommodate a large variety of catalysts. It is 
the most common technology in modern polypropylene production plants.

The powder is conveyed to powder silos and then converted into pellets with a 
twin screw that includes additives, like thermal stabilizers, processing aids, ultra-
violet (UV) stabilizers, antioxidants, impact modifiers, and others.

Bio- based PP is being produced by Braskem in Brazil from sugar cane (Bio- 
based PP 2022). Bio- based PP will have a lower carbon footprint as the petroleum- 
based PP with very similar mechanical properties. It will not be biodegradable but 
can be current recycled plastics. Some mechanical properties of polypropylene 
products are provided in Table 9.2.

Table 9.2  Properties of polypropylene.

PP LDPE HDPE

Density 0.9 0.91–0.925 0.941–0.95

Cryallinity 30–50% 30–50% 70–80%

Molecular weight 200K–600K 10K–30K 50K–250K

Tensile strength, psi 4500–5500 600–2300 3100–5500

Tensile modulus, psi 165K–225K 25K–41K 150K–158K

Tensile elongation 100–600% 100–650% 10–1300%

Impact strength, ft- lbs/in 0.4–1.2 5–no break 0.4–4.0

Hardness R80–R102 D44–D50 D60–D70

Source: PP properties (2020).
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9.2.4.1  Polyvinyl Chloride (PVC)
Polyvinyls were invented in 1835 by German chemist Eugen Baumann, when he 
discovered that a white residue could be synthesized from ethylene dichloride 
in an alcohol solution (Sunlight was catalyst) (PVC Wikipedia 2020). PVC was 
patented in 1933 by BF Goodrich Company in a process that combined a plasti-
cizer, tritolyl phosphate, with PVC compounds making it easily moldable and 
processed.

PVC is the world’s third- most widely produced plastic after polyethylene and 
polypropylene. About 40 million tonnes of PVC is produced each year worldwide 
(Ibid). PVC comes in two basic forms: rigid, as used in PVC white pipes, and flex-
ible, as used in latex gloves. The rigid form of PVC is used in the construction of 
pipe and in profile applications such as doors and windows. Figure 9.23 shows an 
example of PVC pipe. It is also used in making bottles, packaging, and rigid cards. 
It can be made softer and more flexible with the addition of plasticizers, usually 
phthalates. It can be used to make flexible coverings and tents.

Polyvinyl chloride is produced by polymerization of 
the vinyl chloride monomer. The chemistry of PVC is 
similar to that of polyethylene but the Cl atom is substi-
tuted for the hydrogen atom as shown in Figure 9.24.

PVC can be made with suspension polymerization, 
emulsion polymerization, or bulk polymerization 
accounts. Suspension polymerization affords particles 
with average diameters of 100–180 μm, whereas 

Figure 9.23  PVC pipe. Source: PVC pipe (2020).
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emulsion polymerization gives much smaller particles of average size around 
0.2 μm. VCM and water are introduced into the reactor along with a polymeriza-
tion initiator and other additives. The contents of the reaction vessel are pressur-
ized and continually mixed to maintain the suspension and ensure a uniform 
particle size of the PVC resin. The reaction is exothermic and thus requires cooling. 
All PVC is produced by addition polymerization from the vinyl chloride monomer 
in a head- to- tail alignment. PVC is amorphous with partially crystalline (syndio-
tactic) because structural irregularity increases with the reaction temperature. PVC 
(rigid) decomposes at 100 °C, leading to the release of dangerous HCl gas.

Some mechanical properties of PVC products are provided in Table 9.3.

9.2.4.2  PVC Plasticizers
Plasticizers can be added to PVC to make a flexible product. Plasticizers are chem-
icals that have strong solvent effects on plastics in low to moderate concentra-
tions. The plasticizers causes the polymer to swell, which makes the plastic more 
flexible. Ideal plasticizers would have the following properties:

 ● Low cost
 ● Nonvolatile and stays in the plastic
 ● Low flammability of plastic
 ● Nontoxic
 ● Not harmful to the environment
 ● Not water extractable
 ● Stable through processing and use
 ● Low migration to the surface
 ● Stable to UV light

Table 9.3  Properties of PVC products.

PVC (rigid) PVC (flexible) PVB PVDC

Density 1.3–1.58 1.16–1.35 1.05 1.65–1.72

Tensile strength, psi 6000–7500 1500–3500 500–3500 3500–5000

Tensile modulus, psi 350K–600 K N/A N/A 160K–240K

Tensile elongation 40–80% 200–400% 150–450% 160–240%

Impact strength, ft- lbs/in 0.4–22 1–50 1–50 0.4–1

Hardness Shore D 65–85 Shore D 50–100 N/A M 60–65

CLTE, 10- 6 in/in/F 23–50 35–75 N/A 85

HDT @ 264 psi 140F–170F N/A N/A 130F–150F

Source: PVC properties (2020).
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Plasticizers are mixed using the calendaring process. Phthalates are an ester 
type. Plasticizers for plastics are additives and can be called Phthalate ester.

Most of the plasticizers are used with PVC, giving this material improved flexi-
bility and durability. The majority are used in films and cables. For plastics such 
as PVC, the more the plasticizer added, the lower their cold flex temperature will 
be. Plastic items containing plasticizers exhibit improved flexibility and durability. 
Plasticizers can become available for exposure due to migration and abrasion of 
the plastic since they are not bound to the polymer matrix. The “new car smell” is 
often attributed to plasticizers or their degradation products.

Plasticizers make it possible to achieve improved compound- processing charac-
teristics while also providing flexibility in the end- use product. Ester plasticizers 
are selected based upon cost–performance evaluation. The rubber compounder 
must evaluate ester plasticizers for compatibility, processing, permanence, and 
other performance properties. The wide variety of ester chemistries that are in 
production include sebacates, adipates, terephthalates, dibenzoates, gluterates, 
phthalates, azelates, and other specialty blends. This broad product line provides 
an array of performance benefits required for the many elastomer applications 
such as tubing and hose products, flooring, wall- coverings, seals and gaskets, 
belts, wire and cable, and print rolls.

In Western Europe, about one million tonnes of phthalates are produced each 
year, of which approximately 900 000 tonnes are used to plasticize PVC. The most 
common are: diisononyl phthalate (DINP), diisodecyl phthalate (DIDP), and di- 2- 
ethylhexyl phthalate (DEHP, sometimes also referred to as DOP), which have the 
well- balanced properties described above. These plasticizers account for about 
75% of all plasticizers used for PVC. Apart from phthalates, several other kinds of 
plasticizers are used to meet specific requirements, including adipates for low 
temperature resistance and trimellitates for heat resistance. Phthalates can be 
restricted to reduce emissions. The European Union prohibited the use of four 
phthalates in consumer products. The four phthalates are butylbenzyl phthalate 
(BBP), di(2- ethylhexyl) phthalate (DEHP), dibutyl phthalate (DBP), and diisobu-
tyl phthalate (DIBP). Restrictions or bans have been placed on phthalates in PVC 
toys in the entire European Union (Ban 2020).

Phthalates were banned in toys in the United States in 2008 (US ban phtha-
lates 2020). Similar bans have been enacted by the states of California, Washington, 
and Vermont. In 1998, the U.S. Consumer Product Safety Commission (CPSC) 
reached a voluntary agreement with manufacturers to remove two phthalates 
from PVC rattles, teethers, pacifiers, and baby bottle nipples. Sweden first pro-
posed restrictions on PVC use in 1995 and is working toward discontinuing all 
PVC uses. In Spain, over 60  cities have been declared PVC- free. Germany has 
banned the disposal of PVC in landfills as of 2005, is minimizing the incineration 
of PVC, and is encouraging the phasing out of PVC products that cannot easily be 
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recycled. Since 1986, at least 274 communities in Germany have enacted restric-
tions against PVC. Research suggests that there is an association between PVC 
flooring and the development of bronchial obstruction in children.

Also, increased incidence of asthma could be partially due to the increasing 
household use of plastics containing phthalates. Butlybenzylphthalate (BBP) and 
Dibutylphthalate (DBP) are estrogenic to breast cancer cell lines. BBP can also act 
as an antiandrogen, blocking the action of dihydrotestosterone in a yeast screen 
containing the androgen receptor. DBP can damage the reproductive system of 
male rats at low exposures, Action disrupts the androgen system, not imitiating 
the estrogen. DBP can be an endocrine disrupter. DEHP is toxic to the developing 
fetus per large studies involving hundreds of animals, to smaller ones with few 
animals, as well as cell culture studies, and case reports in humans.

9.2.4.3  Polystyrene (PS)
Polystyrene was discovered in 1839 by Eduard Simon, an apothecary from Berlin 
(Styrene Wikipedia 2022). Dr. Simon distilled an oily substance, a monomer that 
he named styrol, now called styrene. Several days later, Simon found that the styrol 
had thickened into a jelly he dubbed styrol oxide (“Styroloxyd”) because he pre-
sumed an oxidation. They called the product “metastyrol”; analysis showed that it 
was chemically identical to Simon’s Styroloxyd (Blyth and Hofmann (1845)).

This eventually led to the substance receiving its present name, polystyrene. PS 
was produced in 1851 by French chemist M. Berthelot by passing benzene and 
ethylene through a red- hot- tube. A similar process is used today to produce PS.

PS is an amorphous polymer made from addition polymerization of styrene. It 
is a homopolymer of which 25  million metric tonnes was produced in 2020 
(Styrene- volume 2020).

PS is clear and colorless with excellent optical properties and high stiffness. It is 
brittle until biaxially oriented when it becomes flexible and durable. Polystyrene 
(PS) is a graft copolymer which means that it is the polymer has one or more 
blocks of homopolymer are grafted as branches on the main chain. PS can be 
blended with elastomers, like butadiene, to create a more ductile PS. The proper-
ties are dependent upon the elastomer %, but are grouped into:

 ● medium impact (Izod < 1.5 ft- lb),
 ● high impact (Izod between 1.5 and 2.4 ft- lb), and
 ● super- high impact (Izod between 2.6 and 5 ft- lb)

The chemistry of PS is similar to that of polyethylene 
with a substitution of a benzene ring for the hydrogen. 
The chemical structure is shown in Figure 9.25.

PS has number “6” as the recycling code from SPI. Less 
than 1% of the PS is recycled in the US. This can be 

n

H

C C

H

H

Figure 9.25  Chemical 
structure of polystyrene.
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discussed more in a future chapter. PS is made with addition polymerization. 
Initiation of the polymer is done with free radicals. The mechanism is chain prop-
agation, where each monomer unit adds to the growing chain in a manner that 
generates the most stable radicals. PS forms head- to- tail regioselectivity. The 
molecular arrangement is atactic with a random benzene group. This helps create 
low crystallinity. The different forms of PS are shown in Figure 9.26.

Isotactic PS and syndiotactic PS are not commercially available. Only atactic is 
available. PS degrades in chlorinated solvents and swells. This can help with 
bonding. PS is subject to environmental stress cracking, where cracks appear in 
the plastic part. PS is good for packaging since it can be easily foamed. PS is resist-
ant to water absorption due to its non- polar nature.
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Figure 9.26  Forms of polystyrene chemical arrangement. Source: Styrene- atactic (2020).
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PS has one large benzene pendant group that is much larger than the C and H 
atoms. The large benzene ring creates steric effects that

 ● reduce the flexibility of the polymer chain
 ● prevent crystallization (PS is ~100% amorphous)
 ● provide high tensile strength
 ● provide higher melting temperature
 ● inhibit disentanglements and sliding polymer chain
 ● result in low impact strength and brittleness

Amorphous PS allows light to pass through it without significant refraction. 
Crystal PS refers to its glitter and sparkle and not amorphous nature. The large 
benzene ring affects its chemical resistance as well. The aromatic portion of mol-
ecule is benzene. PS has poor resistance to aromatic and chlorinated solvents, for 
example, HCL, methylene chloride, toluene, and ethylbenzene. PS can dissolve in 
these solvents. Solvent adhesives can cause PS to swell and improves bonding.

PS burns readily with a yellow flame and dark sooty smoke. It is similar dark 
smoke for plastics with benzene rings. Flame retardants are added to reduce smoke 
generation. PS clarity is hurt by exposure to oxygen and UV light. PS can turn yellow 
and become brittle in the outdoors. PS is not recommended for outdoor applications

The mechanical properties are listed in Table 9.4.
The high tensile strength is due to high molecular weight. PS has a high HDT 

softening temperature of 100 °C. The decomposition temperature is 250 °C.
Polystyrene can be made into foam structure. The process includes the following:

 ● Ethylene is added to benzene with AlCl3 catalyst to form ethyl benzene, C8H8.
 ● Ethyl benzene, C8H8, is dehydrated at 650 °C to form the styrene monomer.

Table 9.4  Mechanical properties of polystyrene.

Property PS LDPE HDPE PP

Density, g/cc 1.04 0.91–0.925 0.959–0.965 0.9

Tensile strength, psi 5000 1400 5500 5000

Tensile Modulus, psi 80 000 30 000 155 000 200 000

Tensile elongation % 1 500 300 200

Impact strength, ft- lbs/in 0.5 10 2 1

Hardness, rockwell R53–R120 D44–D50 D60–D70 R80–R102

CLTE × 10−6 mm/mm/°C 70 150 80 55

HDT °F at 264 psi 85 45 75 125

Source: HDT CLTE (2020) and PS Props (2020).
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 ● Through suspension polymerization (addition) at 100 °C, free radicals are 
formed and then head- to- tail polymerization occurs to form polystyrene.

Expanded polystyrene (EPS) is made by:

 ● Heating PS with steam or hot air in expansion tank.
 ● Aging the EPS beads for 24 hours with cool air and getting 5X expansion.
 ● Molding in tool

 – Add EPS beads and low- pressure steam to expand them.
 – Cool the molds (20X expansion)

This forms a closed- cell foam. EPS has a closed cell like all hard foams. Expanded 
polystyrene (EPS) is a rigid and tough, closed- cell foam with a normal density 
range of 11–32 kg/m3. (EPS foam. Expanded Polystyrene (EPS) Technical Data 
(PDF). Australia: Australian Urethane & Styrene. 2010) EPS is usually white and 
made of pre- expanded polystyrene beads.

Figure 9.27 shows closed-  and open- cell foams.
PS and PP bead foams are closed cell. Polyurethanes can produce open- cell 

foams. The problem with open- cell foams is that the thermoset resin can flow into 
the foam structure during thermoset molding of polymer composites. The closed- 
cell foam will not have resin penetration. With open- cell foams, the tiny cells of 
the foam are not completely closed. They are broken and air fills the “open” space 
inside the material. This makes the foam weaker or softer than closed- cell foam.

EPS is used mostly for foamed parts, for example, drinking cups, fast food con-
tainers, plates, wall insulation, packaging pellets, bumper absorbers, and so on. 
Expanded PS (EPS) is very popular for cups and insulation foam. EPS is made 

(a) (b)

Figure 9.27  Open (b) and closed (a) cell foam structures. Source: Foam (2020).
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with blowing agents, such as pentane and isopentane. The properties are 
 dependent upon cell size and cell- size distribution.

The advantages are low thermal conductivity, which leads to good insulation 
properties, high buoyancy for marine applications, good energy absorption for 
many bumper absorbers, a high stiffness- to- weight ratio, and low cost per volume. 
The biggest disadvantage is low impact strength.

9.2.4.4  Blends and Alloys
Styrene is very commonly used in producing blends and alloys. A blend is a mix-
ture of two polymers that results in the polymer having two or more phases, one for 
each material. Mechanical and physical properties are averages of the individual 
properties. PS alloy can be formed by combining the two polymers after they are 
formed, or of a polymer and a monomer into a single phase. The resulting polymer 
is a homogeneous polymer material. Chemical attraction between the polymers is 
usually required to form an alloy. An alloy is formed when two different materials 
combine to form a new polymer. Mechanical and physical properties are unique in 
the new PS- based polymer and has unique individual properties. Copolymerization 
is the combination of two or more types of monomers such that the new polymer 
has some of each monomer. Mechanical and physical properties are unique in the 
new polymer to the individual properties.

The advantages of alloying or blending is that it is less expensive than copolym-
erization, requires less time and investment, and can obtain a variety of properties 
in the new polymer.

The disadvantages are that the properties are lower for alloys and blends versus 
copolymerization. It is very common for PP, PS, HDPE, and PVC alloys and 
blends. If polymers are miscible, then alloys usually form. Otherwise a blend is 
formed. Compatibility agents are added to improve properties of immiscible poly-
mers. Physical and mechanical properties of alloys can be 10X more than blends.

A very common alloy for many applications is high impact polystyrene (HIPS). 
Several elastomers can be added to PS to improve impact strength. Most common 
rubbers can be made with 30% SBR- Styrene butadiene rubber or Butadiene rub-
ber. Figure 9.28 shows the chemical structure of SBR rubber.

The process to produce HIKPS is to dissolve the rubber polymer in styrene mon-
omer and then polymerize PS by regular means. The properties show a 7X 
improvement in impact strength. There is, however, a drop in tensile strength, 
hardness, and HDT due to the presence of the elastomer.

9.2.4.5  Copolymers
Copolymers include SAN (poly styrene- acrylonitrile), SMA (styrene maleic anhy-
dride), SBS (styrene butadiene styrene), and acrylic copolymers. Figure  9.29 
shows the chemical structure of SBR plastic.
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SAN is similar in use to polystyrene. Like polysty-
rene, it is optically transparent and brittle in 
mechanical behavior. The copolymer has a Tg 
greater than 100 °C owing to the acrylonitrile units 
in the chain, thus making the material resistant to 
boiling water. Uses include food containers, kitch-
enware, computer products, packaging material, 
battery cases, and plastic optical fibers. It is struc-
turally related to ABS plastic, where polybutadiane 
is copolymerized with SAN to give a much tougher 

material. The rubber chains form separate phases which are 10–20 micrometers 
in diameter. When the product is stressed, crazing from the particles helps to 
increase the strength of the polymer. The method of rubber toughening has been 
used to strengthen other polymers such as PMMA and nylon.

Styrene acrylonitrile (SAN) resin is a copolymer plastic made from styrene 
and acrylonitrile. SAN has higher thermal resistance than PS. The chains of the 
polymer show alternating repeat units of styrene and acrylonitrile. The relative 
composition is typically between 70 and 80% by weight styrene and 20–30% acry-
lonitrile. The higher acrylonitrile content improves mechanical properties and 
chemical resistance, but also adds a yellow tint to the normally transparent plastic.

Styrene maleic anhydride (SMA) is a synthetic polymer that is produced from 
styrene and maleic anhydride monomers. The monomers can be almost perfectly 
alternating, making it an alternating copolymer, but (random) co- polymerization 
with less than 50% maleic anhydride content is also possible. The polymer is 
formed by radical polymerization, which a polymer forms by the successive addi-
tion of free- radical building blocks using an organic peroxide as the initiator. The 
main characteristics of SMA copolymer are its transparent appearance, high heat 
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resistance, high dimensional stability, and the specific reactivity of the anhydride 
groups. The latter feature results in the solubility of SMA in alkaline (water- based) 
solutions and dispersions. SMA has high molecular weight.

SMA has an alternating (ABABABAB) copolymer arrangement of styrene- 
maleic anhydride copolymer. This is shown in Figure 9.30.

Each colored ball in the molecular structure diagram represents a styrene or 
maleic- anhydride repeating unit as shown in the chemical structure formula. 
Styrene is a clear liquid obtained by the dehydrogenation of ethyl benzene. Maleic 
anhydride is a white solid obtained by the oxidation of benzene or butane. SMA is 
a rigid, heat- resistant, and chemical- resistant thermoplastic that is used in auto-
mobile parts, small appliances, and food- service trays. The molecular weights 
range from 5000 to 250 000 g/mol. SMA has a high Tg of 177 °C.

9.2.4.6  Acrylics
Poly(methyl methacrylate) (PMMA), also known as acrylic or plexiglass. PMMA 
can be transparent plastic often used in sheet form as a lightweight or 
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Repeating unit

Alternating copolymer

Styrene-maleio anhydride copolymer

Chemical structure
O OO O OO

O OO

CH2 CH2CH

CH2 CH

CH

Figure 9.30  Chemical structure of SAN plastic.
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shatter- resistant plastic. PMMA can also be used as a casting resin (Acrylics 2022). 
The chemical structure of acrylics is shown in Figure 9.31.

PMMA was developed in 1928 in several different laboratories by many chem-
ists and was first brought to market in 1933 in Germany. The reaction between 
methacrylic acid and methanol results in the ester methyl methacrylate PMMA 
was used extensively in World War II as for submarine periscopes and aircraft 
windshields. Today acrylics can be used in homes and in recreational vehicles for 
interior parts.

PMMA was created in the 1800s and was formulated in 1865. PMMA is an eco-
nomical alternative to polycarbonate, PC. It has higher mechanical properties 
than PC, including tensile modulus, flexural strength, and clarity. It also has 
higher UV tolerance but lower impact strength, chemical resistance, and heat 
resistance than PC. Additionally, PMMA does not contain the potentially harmful 
bisphenol A chemical that is found in polycarbonate. It, also, is easier to mold 
with injection molding and has a lower cost than PC. PMMA can have higher 
scratch resistance than PC. The properties are provided in Table 9.5.

PMMA has low moisture absorption and has a shrinkage rate of about 0.5%. 
Acrylics, or PMMA, are inexpensive and cost $1.30 per pound (Plastics prices 2020). 
Acrylics includes acrylic and methacrylic esters, acids, and derivatives. PMMA 
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Figure 9.31  Chemical structure of 
polymethacrylate and polymethyl 
methacrylate (PMMA).

Table 9.5  Mechanical properties of PMMA, PC, and ABS.

Acrylic PC ABS PC/ABS

Density, g/cc 1.16–1.19 1.2 1.16–1.21 1.07–1.15

Tensile strength, psi 5000–9000 9500 3300–8000 5800–9300

Tensile modulus, psi 200K–500K 350K 320K–400K 350K–450K

Tensile elongation, % 20–70% 110% 1.5–25% 50–60%

Impact strength ft- lb/in 0.65–2.5 16 1.4–12 6.4–11

Hardness M38–M68 M70 R100–120 R95–R120

CLTE 10−6mm/m m/C 48–80 68 65–95 67

HDT 264 psi 165–209F 270 190F–225F 225F

Source: PMMA properties (2020).
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can be used singularly or in combination with other polymers to produce products 
 ranging from soft, flexible elastomers to hard, stiff thermoplastics and thermosets.

PMMA is an economical alternative to PC when extreme strength is not neces-
sary. Acrylics or plexiglass can be used with window frames, (glass filled): tubs, 
counters, vanities. Optical applications can include outdoor advertising signs, air-
craft windshields, cockpit covers, bubble bodies for helicopters. PMMA glazing pro-
vides a panoramic view in Airbus Helicopters as shown in Figure 9.32 (PMMA 2020).

Acrylics can be used in motorhomes on the inside of the cabin. These can be 
used in custom vans on the interior parts.

Additionally, PMMA does not contain the potentially harmful bisphenol- A 
chemicals found in polycarbonate. It is often preferred because of its moderate 
properties, easy handling and processing, and low cost. Non- modified PMMA is 
brittle when under load, especially under an impact force, and is more prone to 
scratching than conventional inorganic glass, but modified PMMA is sometimes 
able to achieve high scratch and impact resistance.

Cellulose acetate is the acetate ester of cellulose (Cellulose acetate 2020). It was 
first prepared in 1865. Cellulose acetate was developed in 1927. Cellulose acetate 
had reduced limitations of flammability. Cellulose acetate can be used as a film 
base in photography. Cellulose acetate can be used as a frame for eyeglasses. It is 
also used as a filter paper fiber for cigarettes. In 1923, CA became the first material 
to be injection molded. Cellulose acetate butyrate (CAB) in 1938 and cellulose 
acetate propionate (CAP) in 1945 found applications for hair brushes, tooth-
brushes, combs, cosmetic cases, hand tool handles, steering wheels, knobs, arm-
rests, speakers, grilles, and so on.

Figure 9.32  Helicopter cockpit with PMMA.(Ibid).
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9.2.4.7  Additives for Plastics
Additives for plastics help reduce environmental exposure of the plastics,  especially 
by protecting the plastic from UV sunlight and oxygen. Most plastics readily 
 biodegrade when exposed to sunlight or oxygen. The ultraviolet light stabilizer is 
TiO2. Anti- oxidants include phenolic and acryl amines (Additives 2022).

Plastics are readily degraded by ultraviolet light and oxygen. These processes 
degrade the polymer on a chemical level and cause chain scission. This can 
greatly reduce the mechanical properties. Antioxidants and antioxidants can be 
used to help the plastics be used for outdoor use. The degradation can occur 
at  room temperature or elevated temperatures. Once initiated, autooxidation 
proceeds vis free radical chain reaction which can be autocatalytic. 
(Antioxidants 2020)

As such, even though efforts are usually made to reduce oxygen levels, total 
exclusion is often not achievable and even exceedingly low concentrations of 
oxygen can be sufficient to initiate degradation. Sensitivity to oxidation varies 
significantly depending on the polymer in question; without stabilizers, polypro-
pylene and unsaturated polymers such as rubber will slowly degrade at room 
temperature, whereas polystyrene can be stable even at high temperatures 
(Geuskens et al. 1981).

Antioxidants are of great importance during the process stage. They can provide 
plastics with long- term stability at ambient temperature. They can be used with 
hindered amine light stabilizers (HALs). Antioxidants are often referred to as 
being primary or secondary depending on their mechanism of action.

Hindered amine light stabilizers (HALS) are chemical compounds containing 
an amine functional group that contains nitrogen. They are used as stabilizers in 
plastics and polymers. Stabilizers are a class of chemical additives added to plas-
tics to reduce degradation. Polymeric plastics can be subject to various degrading 
processes like oxidation, photodegradation, thermal degradation, and other envi-
ronmental exposure. These processes all degrade the polymer on a chemical level, 
leading to a chain scission that can adversely affect its mechanical properties such 
as strength, modulus, and appearance. These compounds are primarily used to 
protect the polymers from the effects of photo- oxidation.

Natural and synthetic plastics and polymers can be attacked by ultraviolet radi-
ation, and products using these materials may turn yellow, crack, or disintegrate. 
This is called problem UV degradation, and is a common problem in products 
exposed to sunlight. Continuous exposure is a more serious problem than inter-
mittent exposure due to the extent and degree of exposure.

Thermal stability is achieved with the addition of Sb2O3, which is a fire retard-
ant. Fire retardants can include zinc borate and chlorinated paraffins. Flame 
retardants include a diverse group of chemicals which are added to plastic materi-
als. Flame retardants are activated by the presence of an ignition source and are 
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intended to prevent or slow any further development of ignition by a variety of 
different physical and chemical methods.

Brominated flame retardants (BFRs) are organo- bromine compounds that have 
an inhibitory effect on combustion chemistry and tend to reduce the flammability 
of products containing them. The brominated variety of commercialized chemical 
flame retardants comprise approximately 19.7% of the market. They are effective 
in plastics and textile applications like electronics, clothes, and furniture (Flame 
retardants Wikipedia 2022).

Many brominated chemicals are under increasing criticism in their use in house-
hold furnishings and for causing harm to some people. Some believe PFR’s could 
have harmful effects on humans and animals. Flame- retardant additives are put 
into various materials, such as foams for furniture seating and mattresses, plastics 
used for electronic and electrical applications, and aircraft and vehicle interiors. It 
became so important for people to be protected from the ravages of clothing and 
furniture fires, and particularly in the transportation industry, that the federal gov-
ernment began mandating the use of these chemicals in countless products.

The flip side is that advocacy groups such as Safer Chemicals, Healthy Families 
and about 21 states are calling for the elimination of flame retardants, calling them 
“toxic.” Recently, Safer Chemicals, Healthy Families released a study on TV and 
flame retardants (TV flame retardants 2020). The study found that “TVs could be 
bad for your health in an unexpected way: TVs contain toxic flame- retardant chemi-
cals that can contaminate homes.” Testing done by Toxic- Free Future and Clean 
Production Action found that TV manufacturers continue to use toxic flame- 
retardant chemicals in their products despite evidence that the chemicals are harm-
ful to health. Two TVs were found to contain the banned chemical flame retardant 
deca- BDE in apparent violation of Washington state law, where the TVs were pur-
chased, said the press release. The big problem that the Toxic- Free Future group has 
with flame retardants is that the chemicals “can escape products and end up in 
household dust, exposing adults and children to the chemicals through ingestion, 
such as through hand- to- mouth activity.” (Flame retardants- toxicity 2020).

An antiozonant is an organic compound that prevents or retards the degrada-
tion of material caused by ozone. Antiozonants are added to polymers to reduce 
cracking. Cracks can be formed in many different rubbers and elastomers when 
they are exposed to ozone gas. The problem is very 
common in rubber tires. Tiny traces of ozone in the 
air will attack unsaturated, or double bonds of car-
bon, in rubber polymers of natural rubber, polybuta-
diene, styrene butadiene rubber, and nitrile rubber. 
Nitrile rubber is a copolymer of butadiene and acry-
lonitrile, shown in Figure 9.33. This will be discussed 
more in Chapter 10.
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Butyl rubber is more resistant but still has a small number of double bonds in 
its chains, so attack is possible. Exposed surfaces are attacked first, with the den-
sity of cracks varying with ozone gas concentration. The higher the concentration, 
the greater the number of cracks formed (Ozone cracking Wikipedia  2022). 
Common antiozonants include:

 ● p- Phenylenediamines such as 6PPP (N- (1,3- dimethylbutyl)- N′- phenyl- p- 
phenylenediamine) or IPPD (N- isopropyl- N′- phenyl- p- phenylenediamine),

 ● 6- ethoxy- 2,2,4- trimethyl- 1,2- dihydroquinoline (ETMQ, EMQ, or Ethoxyquin)
 ● Ethylene diurea (EDU), and
 ● Paraffin waxes that form a surface barrier.

Other additives can include scratch-  and mark- resistance plastics that are made 
from alkyl modified siloxane. Other processing aids can be made from butyl stea-
rate. Dispersing additives can be made from siloxane and polyolefin compounds. 
Antistatic agents can be made from glycerol monostearate and butyl stearate.

Colorants are pigments of dyes for masterbatch of colorants that are added to the 
plastic to give it some color. Those compounds come in the form of dyes and pig-
ments. Dyes are usually used with polycarbonates, polystyrene, and acrylic plas-
tics. Pigments are better suited for use with polyethylene and polypropylene. The 
colorant must be chemically compatible with the base resin, be a suitable match 
with a color standard (International Color Consortium 2020), and be chemically 
stable in the environment that the plastic is exposed to for temperature, chemicals, 
moisture, and others. The colorant must also survive the processing temperatures 
and processing conditions and then last the life duration of the product.

Typically colorants are added to master batches in the plastic. This method 
involves colorants that are a concentrate being separated into resin type and color 
concentrations greater than 40%. Then, the master batch is blended with virgin 
plastic to get 2 or 3% of color in the plastic.

Blowing agents are used for foaming of polystyrene (PS) and polypropylene 
(PP). The blowing agents can be made from azodicarbonamide. A blowing agent 
is a substance which is capable of producing a cellular structure via the foaming 
process in either open- cell or closed- cell foams in plastics. The open cell has a 
structure that is connected, whereas a closed structure does not have intercon-
necting cells. Thus, resin can flow into the open- cell foam structure causing an 
increase in resin impregnation in polymer composites. PP and PS foams are 
closed- cell foams. EPS is closed cell as are all hard foams. The closed- cell foams 
have higher R value, and are denser and more expensive. Polyurethane creates 
open- cell foams.

The cellular structure in a matrix reduces density, increasing thermal and 
acoustic insulation, while increasing relative stiffness of the original polymer. 
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Blowing agents create holes in a matrix, producing cellular materials, and have 
been classified as follows: Physical blowing agents usually are added to the mono-
mer and then polymerized. For PS and PP foams, the plastic is added to the mold 
and then steam or hot air is added to the mold, causing the PS or PP to expand. 
The EPS beads are set in the mold for 24 hours and then cooled with cold air to 
achieve a 5X to 20X expansion.

Chemical blowing agents used in polyurethanes (PU) include isocyanate and 
water. Gaseous products and other byproducts are formed by a chemical reaction 
of the chemical blowing agent, promoted by the heat of the foam production pro-
cess or a reacting polymer’s exothermic heat. Mixed physical/chemical blowing 
agents are used to produce flexible PU foams with very low densities. Here both 
chemical and physical blowing are used in tandem to balance each other out with 
respect to thermal energy released and absorbed, minimizing temperature rise. 
For instance, polyurethane systems combine isocyanate and water with liquid 
carbon dioxide (which boils to give gaseous form) in the production of very low- 
density flexible PU foams for mattresses.

Filler materials are particles added to plastics that can improve specific 
 properties, make the product cheaper, or a combination of both. The two  largest 
segments for filler material use are elastomers and plastics. The most common 
filler materials used are ground calcium carbonate (GCC), precipitated calcium 
carbonate (PCC), kaolin, talc, and carbon black. Filler materials can  increase, 
slightly, tensile strength, tensile modulus, toughness, heat  resistance, color, and 
clarity. Additives typically make the plastic thicker and increase viscosity. They 
decrease the impact strength and the coefficient of  linear thermal  expansion 
(CLTE). As an example, sheet molding compound is a composite material used for 
doors and hoods for the Corvette, and has about 30% calcium carbonate. This 
reduces the cost of the composite and also reduces its CLTE.

Fibers can also be added to increase the tensile strength, tensile modulus, 
impact strength, and thermal properties of plastics and composites. The fibers can 
be glass, carbon, mineral, aramid, and mica. This will be discussed in more detail 
in the Polymer Composites chapter.
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The chapter will discuss the plastics that are considered engineering plastics and 
the reasons for the classification. The plastics will include nylon, polycarbonate 
(PC), polyethylene terephthalate (PET), polybutylene terephthalate (PBT), ther-
moplastic polyurethane (TPU), acrylonitrile butadiene styrene (ABS), Styrene 
acrylonitrile (SAN), acetal, polytetrafluoroethylene (PTFE), polyphenylene oxide 
(PPO), Polyphylene sulfide (PPS), polyether- ether- ketone (PEEK), liquid crystal 
polymers (LCPs), copolymers, and blends. The discussion will include manufac-
turing processing to make the plastic pellet, mechanical and thermal properties, 
shrinkage, and typical applications with these plastics.

10.1  Engineering Plastics Definition

Engineering thermoplastics are plastics that have higher mechanical and thermal 
properties than commodity plastics. They can sometimes replace metal parts. 
They can use conventional plastic molding operations. They usually can be 
painted. They, typically, have higher costs per pound than commodity plastics. 
The costs of some engineering plastic are listed in Table 10.1.

Engineering plastics can use conventional plastic molding operations to 
 produce parts. They usually can be painted. They typically are polar in chemical 
nature. Common engineering thermoplastics are ABS, LCPs, nylon (polyamide), 
PC, PET, PBT, polyurethane, PEEK, polyether ketone (PEK), PPO, polyphenylene 
sulfide, styrene acrylonitrile, styrene maleic anhydride, thermoplastic elastomer, 
tetrafluoroethylene (Teflon), and ultrahigh molecular weight polyethylene.

10

Engineering Plastics



10 Engineering Plastics252

10.2  Acrylonitrile Butadiene Styrene

ABS (chemical formula (C3H3N)n)·(C4H6)m·(C8H8)k is a common thermoplastic 
polymer. The chemical structure of ABS is shown in Figure 10.1.

ABS lists a glass transition temperature (TG) of approximately 105 °C (221 °F). 
(TG- ABS 2020) ABS is amorphous and therefore has no true melting point. ABS is 
a terpolymer consisting of acrylonitrile for chemical resistance, butadiene for 
impact resistance, and styrene for rigidity and processing ease. ABS is made with 
graft polymerization techniques. ABS is a family of materials that vary from high 
gloss to low matte finish, and from low to high impact resistance. Additives are 

Table 10.1  Plastic costs per pound per May 2020.

ABS $1.10

Acetal $1.44

LCP (glass) $9.80

Nylon 6 $1.45

Polyarylate $2.10

PC $1.50

PEEK $45.00

PBT $1.24

PET $1.24

Polyurethane $2.06

PPO $1.87

PPS (glass) $3.90

Polysulfone $6.50

PTFE $7.65

SAN $1.36

SMA $1.78

TPE (olefinic) $1.15

UHMWPE $1.24

Source: Data from Plastic cost 2021.
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H Figure 10.1  Chemical structure of ABS.
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used to enable ABS grades that are flame retardant, transparent, high heat 
 resistance, foamable, or Ultra-violet (UV) light stabilized.

ABS is a terpolymer made by polymerizing styrene and acrylonitrile in the pres-
ence of polybutadiene. The proportions can vary from 15 to 35% acrylonitrile, 5 to 
30% polybutadiene, and 40 to 60% styrene. (ABS 2020). The nitrile groups from 
neighboring chains, being polar, attract each other and bind the chains together, 
making ABS stronger than pure polystyrene. The styrene gives the plastic a shiny, 
impervious surface. The polybutadiene, a rubbery substance, provides toughness 
even at low temperatures. For the majority of applications, ABS can be used 
between −20 and 80 °C (−4 and 176 °F) as its mechanical properties vary with 
temperature. Polyacrylonitrile (PAN) provides weather resistance and barrier 
properties, good tensile strength, and high- temperature resistance. Polystyrene 
provides rigidity, stiffness, and transparency. Polybutadiene provides impact 
strength, elongation, low- temperature properties. ABS has excellent impact 
strength and is higher than all other plastics besides PC.

PC and ABS can be blended to form an excellent polymer for doors and fenders. 
They were used on the Camaro and Saturn cars in the 1990s as shown in 
Figures 10.2 and 10.3.

A compounded blend of PC and ABS: The PC contributes impact and heat- 
distortion resistance, while the ABS contributes processability and chemical stress 

Figure 10.2  Plastic use on the door panels for the Camaro in the 1990s. 
Source: Camaro 2020.
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resistance, and cost reduction below PC. Properties of PC/ABS include the 
following:

 ● Impact resistance between ABS and PC, (10–14 ft.- lb./in.).
 ● Strength and stiffness between PC and ABS.
 ● Heat resistance superior to ABS, less than PC.
 ● Flame retardant system more stable in processing than ABS.
 ● Very good indoor UV light color stability.
 ● Low- temperature impact and ductility.
 ● Superior processability to PC.

The mechanical properties of PC and ABS are shown in Table 10.2. The table 
shows that ABS has equivalent tensile strength and modulus as acrylics and 
PC. PC has the highest elongation and impact strength. ABS has higher impact 
strength and thermal properties, heat deflection temperature (HDT) than acrylic 
but slightly lower than PC.

PC/ABS can be used for appearance housings and structural parts, which need 
stiffness, gloss, impact, and heat resistance which is higher than ABS, but requires 
costs below PC.

Housings requiring UL V0, but not 5VA- that is, portable electronic devices, 
not  permanently fixed electric devices are also good applications for PC/
ABS. Appearance parts require colorfastness under interior UV light, interior 
parts where temperature environment is between 180 and 230 F  – “above the 
 beltline” applications, and where nonshattering ductility is required like instru-
ment panel retainers. Applications can be painted exterior parts that require 

Figure 10.3  Plastic use on the door panels for the Saturn in the 1990s. 
Source: Saturn 2020.
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low- temperature impact strength greater than 10 ft.- lb./in. is another place PC/
ABS should be used. Any outdoor application should be painted.

10.3  Acetal (Polyoxymethylene)

Polyoxymethylene (POM), also known as acetal, Delrin, polyacetal, and polyformalde-
hyde, is an engineering thermoplastic used in precision parts requiring high stiffness, 
low friction, and excellent dimensional stability (POM  2020). As with many other 
 synthetic polymers, it is produced by different chemical firms with slightly different 
formulas. POM is characterized by its high strength, hardness, and rigidity to −40 °C.

To make POM homopolymer, anhydrous formaldehyde must be generated. 
The principal method is by reaction of the aqueous formaldehyde with alcohol to 
create a hemiformal, dehydration of the hemiformal/water mixture (either by 
extraction or vacuum distillation), and release of the formaldehyde by heating 
the hemiformal. The formaldehyde is then polymerized by anionic catalysis and 
the resulting polymer is stabilized by reaction with acetic anhydride. Due to the 
manufacturing process, large diameter cross- sections 
may have pronounced centerline porosity. A typical 
example is DuPont’s Delrin. The chemical structure of 
POM is shown in Figure 10.4.

POM was discovered by Hermann Staudinger, a 
German chemist who received the 1953  Nobel Prize in 
Chemistry (Ibid). He had studied the polymerization and 
structure of POM in the 1920s while researching 

Table 10.2  Properties of ABS, PC, acrylic, and PC/ABS blends.

Acrylic PC ABS PC/ABS

Density, g/cc 1.16–1.19 1.2 1.16–1.21 1.07–1.15

Tensile strength, psi 5000–9000 4000–5000 3300–8000 5800–9300

Tensile modulus, psi 200k–500k 350k 320k–400k 350k–450k

Tensile elongation, % 20–70% 110% 1.5–25% 50–60%

Impact strength, ft- lb/in 0.65–2.5 16 1.4–12 6.4–11

Coefficient of Linear 
Thermal Expansion 
(CLTE), 10−6 mm/mm/C

48–80 68 65–95 67

HDT, @264 psi 165–209F 270F 190–225F 225F

Source: Data from ABS 2020.
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Figure 10.4  Chemical 
structure of POM.
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macromolecules, which he characterized as polymers. Due to problems with 
 thermal stability, POM was not commercialized at that time. Around 1952, research 
chemists at DuPont synthesized a version of POM, and in 1956 the company filed 
for  patent protection of the homopolymer. The inventor of a heat- stable POM 
homopolymer was Dal Nagore, who discovered that reacting the hemiacetal ends 
with acetic anhydride converts the readily depolymerizable hemiacetal into a 
 thermally stable, melt- processable plastic.

POM is intrinsically opaque white due to its high crystalline composition, but it 
is available in all colors. POM has a high density of approximately 1.410 g/cm3. 
Typical applications for injection- molded POM include high- performance engi-
neering components such as small gear wheels, eyeglass frames, ball bearings, ski 
bindings, fasteners, guns, knife handles, and lock systems. POM can be easily 
machined with CNC. The material is widely used in the consumer electronics 
industry. It has the same shrinkage (2.5%) as PP and be molded with the same 
injection molds.

The mechanical properties of POM are compared to Polypropylene (PP) and 
Nylon 6,6 in Table 10.3. The table shows that POM has a higher density than PP 
and nylon 6,6. POM has lower tensile strength and modulus than nylon 6,6 
but  higher than PP, higher CLTE than PP and nylon 6,6, and higher thermal 
 properties (HDT) and cost than nylon 6,6 and PP.

POM can be made into the following parts through injection molding:

 ● Mechanical gears, sliding and guiding elements, housing parts, springs, chains, 
screws, nuts, fan wheels, pump parts, and valve bodies.

 ● Electrical engineering: insulators, bobbins, connectors, parts for electronic 
devices such as televisions, telephones, etc.

Table 10.3  Mechanical properties of POM.

POM PP Nylon 6,6

Density, g/cc 1.38–1.44 0.9 1.13–1.15

Tensile strength, psi 5000–9000 4000–5000 14 000

Tensile modulus, psi 447k 125k— 225k 230k— 550k

Tensile elongation, % 10–76% 100–600% 15–80%

Impact strength, ft- lb/in 1.6–4.0 0.4–1.2 0.55–1.0

CLTE, 10−6 mm/mm/C 100 60–80 80

HDT, @264 psi 241F 150F 180F

Source: Data from POM 2020.
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 ● Automotive: fuel sender unit, light/control stalk/combination switch (includ-
ing shifter for light, turn signal), power windows, door lock systems, and articu-
lated shells.

 ● Model: model railway parts, such as trucks (bogies) and handrails (handlebars).
 ● Hobbies: radiocontrolled helicopter main gear, landing skid, yo- yos, and vaping 

drip tips.
 ● Furniture: hardware, locks, handles, and hinges.
 ● Construction: structural glass —  pod holder for point
 ● Sports: paintball accessories, like paintball markers.
 ● Airsoft guns with reduced piston noise.
 ● Music: picks, Irish flutes, bagpipes, practice chanters, harpsichord plectra, 

instrument mouthpieces, and tips of some drumsticks.
 ● Home uses: fully automatic coffee brewers; knife handles.

POM can be machined with manual or Computer Numerical Control (CNC) 
methods. POM should not be painted. POM has similar shrinkage as PP of about 
2% and can replace the PP in application that would like to increase the impact 
performance and thermal resistance. POM is tougher than ABS, comes in bright 
translucent colors, and is not paintable.

POM can be reinforced with fibers for increased strength and mechanical prop-
erties. The reinforcement fibers can be glass, carbon, aramid, metal, mineral, 
PTFE, and stainless steel.

10.4  Liquid Crystal Polymer

LCPs are excellent thermoplastic polymers that have excellent mechanical and 
thermal properties. Liquid crystallinity in polymers may occur either by dissolv-
ing a polymer in a solvent or by heating a polymer above its glass or melting tran-
sition point (LCP 2020). Liquid- crystal polymers are present in melted/liquid or 
solid form. In solid form, the main example of lyotropic LCPs is the commercial 
aromatic polyamides known as Kevlar. The chemical structure of this aramid con-
sists of linearly substituted aromatic rings linked by amide groups. In a similar 
way, several series of thermotropic LCPs have been commercially produced by 
several companies (e.g.,Vectra and Ticona).

LCPs can provide high precision and high- heat properties (HDT) (LCP- 
Celanese 2020). LCPs are highly crystalline, inherently flame retardant, thermo-
tropic (melt- orienting) thermoplastics. They are similar to conventional 
semicrystalline polymers but have higher mechanical and thermal properties. 
When melted, conventional semicrystalline polymers have a random amorphous 
structure, which, as they cool, form crystalline regions surrounded by an 
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amorphous matrix. LCP molecules have very little amorphous regions and can be 
over 90% crystalline. Conventional plastics have between 30 and 60% crystalline 
regions with the remaining amorphous regions. LCP molecules remain well 
ordered even in the melt and slide past each other easily under shear. The result is 
very low melt viscosity making it easy to fill extremely thin walls and to replicate 
intricate features. They exhibit little or no shrinkage in the flow direction and 
require very little time to set up or solidify. Quick fills and shorter cycle times 
mean increased productivity.

Injection- moldable LCP products have proven successful in a variety of applica-
tions, including sockets, bobbins, switches, connectors, chip carriers, sterilizable 
trays, dental tools, surgical instruments, pumps, meters, and valve liners. Unfilled 
polymers can be extruded for film or sheet, coextruded for barrier packaging, or 
melt spun for applications needing high- performance fibers or yarn.

A high number of LCPs have order in the melt phase analogous to that exhib-
ited by nonpolymeric liquid crystals (LCPs). Processing of LCPs from liquid- 
crystal phases (or mesophases) gives rise to fibers and injected materials having 
high mechanical properties as a consequence of the self- reinforcing properties 
due to the macromolecular orientation in the mesophase. The highly ordered 
polymers are highly crystalline, which can cause high mechanical properties.

Celanese Vectra can be made into several plastic parts shown in Figure 10.5.
LCPs can be melt processed on conventional equipment to obtain excellent 

mechanical properties. A unique class of partially crystalline aromatic polyesters 
are based on p- hydroxybenzoic acid and related monomers. Liquid- crystal poly-
mers are capable of forming regions of a highly ordered structure while in the 
liquid phase. However, the degree of order is somewhat less than that of a regular 
solid crystal. LCPs have a high tensile strength and modulus at high temperatures, 
excellent chemical resistance, and flame retardancy. The mechanical properties of 

Figure 10.5  LCP parts from Celanese Corporation. Source: LCP Celanese 2020.
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some LCPs are listed in Table 10.4. The properties of LCP polyester are higher in 
tensile modulus and strength, impact strength, and thermal properties (HDT) 
than PBT or PET. LCPs have lower elongation and CLTE than PBT or PET.

Liquid crystallinity in polymers may occur either by dissolving a polymer in a 
solvent (lyotropic liquid- crystal polymers) or by heating a polymer above its glass 
or melting transition point (thermotropic liquid- crystal polymers) (Shibaev and 
Lam (1994). The chemical structures are shown in Figures  10.6 and  10.7. Two 
common LCP plastics are Kevlar and Vectra.

Most thermoplastic LCP appears to be aromatic copolyesters. Wholly aromatic 
copolyesters (LCP). High melting sintered: Oxybenzoyl (does not melt below its 

Table 10.4  Mechanical properties of LCP thermoplastics.

PET PBT LCP

Density, g/cc 1.29–1.40 1.30–1.38 1.35–1.40

Tensile strength, psi 7000–10 500 8200 16 000–27 000

Tensile modulus, psi 400–600k 280–435k 1400–2800k

Tensile elongation, % 30–300% 50–300% 1.3–4.5%

Impact strength, ft- lb/in 0.25–0.70 0.7–1.0 2.4–10

CLTE, 10−6 mm/mm/C 65 60–95 25–30

HDT, @264 psi 70–100F 122–185F 356–671F

Source: Data from LCP 2020.
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Figure 10.6  Kevlar chemical structure 
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structure Celanese Corporation.
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decomposition temperature. Must be compression molded). Injection moldable 
grades are Xydar and Vectra.

Xydar from Amoco Performance Products is made with terephthalic acid, p,p′-  
dihydroxybiphenyl, and p- hydroxybenzoic acid. Grade 1  has an HDT of 
610 F. Grade 2 has an HDT of 480 F. Vectra from Hoechst Celanese Corporation is 
made from para- hydroxybenzoic acid and hydroxynaphthoic acid. It contains 
rigid chains of long, flat monomer units, which are thought to undergo parallel 
ordering in the melt and form tightly packed fibrous chains in molded parts. 
Properties of LCP are compared with other polyesters, PET and PBT and are 
shown in Table 10.5. The table shows that LCP has higher density, tensile strength, 
tensile modulus, impact strength, and thermal property of HDT than PET and 
PBT. LCP has lower elongation and CLTE than PET and PBT. LCP can be used as 
an actuator pin for parts.

10.5  PBT (Polybutylene Terephthalate)

PBT is a thermoplastic engineering polymer that is used in electronics industries. 
It is a thermoplastic semicrystalline polymer and a type of polyester. PBT is resist-
ant to solvents, shrinks very little during forming, is mechanically strong, heat- 
resistant up to 150 °C (or 200 °C with glass–fiber reinforcement). It was developed 
by Britain’s Imperial Chemical Industries (ICI) (ICI 2020).

PBT is closely related to other thermoplastic polyesters, e.g., PET. Compared to 
PET, PBT has slightly lower strength and rigidity, slightly better impact resistance, 
and a slightly lower glass transition temperature. PBT and PET are sensitive to hot 
water above 60 °C (140 °F). PBT and PET need UV protection, as with most plas-
tics, if used outdoors, and most grades of these polyesters are flammable, although 

Table 10.5  Properties of LCP, PET, and PBT.

PET PBT LCP

Density, g/cc 1.29–1.40 1.30–1.38 1.35–1.40

Tensile strength, psi 7000–10 500 8200 16 000–27 000

Tensile modulus, psi 400–600k 280–435k 1.400–2800k

Tensile elongation, % 30–300% 50–300% 1.3–4.5%

Impact strength, ft- lb/in 0.25–0.70 0.7–1.0 2.4–10

CLTE, 10−6 mm/mm/C 65 60–95 25–30

HDT, @264 psi 70–100F 122–185F 356–671F

Source: LCP- Properties 2020.
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additives can be used to improve both UV 
and flammability properties. The chemical 
structure of PBT is shown in Figure 10.8.

PBT is produced by polycondensation of 
terephthalic acid or dimethyl terephthalate 
with 1,4–butanediol using special catalysts 
(PBT 2020).

PBT produces popular products that consume millions of pounds every year. 
The molded products of PBT are Valox, Xenoy, Vandar, and Pocan. It can be 
molded into the following parts, including, distributers, door panels, fenders, 
bumper fascia covers, cables, connectors, terminal blocks, fuse holders and motor 
parts, distributor caps, door, and window hardware. The extruded applications 
include extrusion- coat wire.

PBT is used for housings in electrical engineering, but also in construction as 
plug connectors and in households, for example, in showerheads or irons. It is 
also found processed into fibers in toothbrushes, false eyelashes, and in some 
high- end computer keyboards because the texture is highly resistant to wear and 
discoloration due to UV radiation. PBT can also be made into yarn for sportswear. 
Due to its chlorine resistance, it is commonly found in swimwear. Further, recent 
studies have shown that PBT has superior UV properties to PET- based fabrics. 
PBT especially glass fiber reinforced grades can be effectively fire retarded with 
halogen- free products.

The longer, more flexible (CH2)4 groups allow for more rapid crystallization 
than PET. PBT is not as conveniently oriented as PET and is normally injection 
molded. PBT has a sharp melting transition with a rather low melt viscosity. PBT 
has rapid crystallization and a high degree of crystallization causing warpage con-
cerns. It can be combined with PC to form Zenoy plastic for fenders or door skins.

The mechanical properties of PBT are shown in Table 10.6. The table shows that 
PBT has lower density, tensile strength, tensile modulus than PET and LCP. It, 
also, shows that PBT has higher thermal property of HDT, CLTE, and impact 

O O

n

O C C O– (CH2)4

Figure 10.8  Chemical structure  
of PBT.

Table 10.6  Mechanical Properties of PBT, PET, and other plastics.

Property PBT PET

Tensile strength psi (MPa) 17 400 (120) 23 100 (159.3)

Flexural modulus kpsi (MPa) 1100 (7590) 1300 (8965)

Glass transition temp, F (C) 154 (68) 203 (95)

Melting point, F (C) 433 (223) 486 (252)

Source: Data from PBT- properties-  PBT- PET properties 2020.
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strength than PET. The advantages of PBT include its resistance to solvents and 
low shrinkage rate when forming. It also has good electrical resistance and 
because of its fast crystallization is easy to mold. It has excellent heat resistance up 
to 150 °C and a melting point reaching 225 °C. PBT can be used for lighting appli-
cations in the industry.

10.6  PET (Polyethylene Terephthalate)

PET polyesters were invented by Dr. W. H. Carothers in 1929. He invented the 
classification of polymers into two groups, condensation and addition polymers. 
Dr. Carothers found, though, if he produced an aromatic polyester, the properties 
significantly improved. He added a p- phenylene group for stiffening and leads to 
polymers with high melting points and good fiber- forming properties, e.g., 
PET. PET polymers are used for films and fibers. Polyesters are one of many het-
erochain thermoplastics, which has atoms other than C in the backbone chain. 
Polyesters include unsaturated for thermosets with C=C bonds and saturated for 
aromatic thermoplastic polyesters with C–C bonds.

Thermoplastic polyesters are produced with an ester, –C–O, repeating link. 
Linear polyesters are PET and PBT. The chemical structures of PET and PBT are 
shown in Figure 10.9.

The properties of PET and PBT are shown in Table 10.6. The table shows that 
PET has higher density, tensile strength, tensile modulus than PBT. It, also, shows 
that PET has the lower thermal property of HDT, CLTE, and impact strength 
than PBT.

PET has flexible, but short, (CH2)2 groups tend to leave the chains relatively stiff 
and PET is noted for its very slow crystallization. If cooled rapidly from the melt 
to a temperature below Tg, PET solidifies in amorphous form. If PET is reheated 

C6H4(COOH)2 + (CH2)2(OH)2

O O

O C C O(CH2)2

Terephthalic acid + Ethylene glycol

C6H4(COOH)2 + (CH2)4(OH)2

Polyethylene terephthalate (PET)

O O

O C C O(CH2)4

Polybutylene terephthalate (PBT)

Terephthalic acid + Eutylene glycol

Figure 10.9  Chemical structure of PET and PBT.
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above Tg, crystallization takes place to up to 30%. In many applications, PET is 
first preshaped in the amorphous state and then given a uniaxial (fibers or tapes) 
or biaxial (film or containers) crystalline orientation. During injection molding, 
PET can yield amorphous transparent objects (cold mold) or crystalline opaque 
objects (hot mold).

PET can be used for blow- molded bottles in applications. In fact, 100% of 2- l 
beverage containers and liquid products are made with PET. The recycling num-
ber or resin identification code set by the Society of Plastics Industry (SPI) in 1988 
is number “1.” PET can be used in fiber applications. Approximately, 25% of the 
market is in tire cords, rope, thread, cord, belts, and filter cloths. PET can be sued 
in monofilaments —  brushes, sports equipment, clothing, carpet, bristles. In tape 
form, PET can be uniaxially oriented tape form for strapping.

10.7  Nylon (Polyamide)

Nylon, or polyamide, is considered the first engineering thermoplastic. Nylon is 
one of many heterochain thermoplastics, which has atoms other than C in the 
chain. Nylon was invented in 1928 by Wallace Carothers, of DuPont, in search of 
a “super polyester” fiber with molecular weights greater than 10 000. Commercial 
nylon was brought to market in 1938. Nylon is created when a condensation reac-
tion occurred between amino acids, dibasic acids, and diamines. Nylons are 
described by a numbering system that indicates the number of carbon atoms in 
the monomer chains. For example, nylon 6 has 6 carbon atoms. Nylon 6,6 has 12 
carbon atoms_ 6 from the diacid and 6 from the amine. Amino acid polymers are 
designated by a single number, as nylon 6. Diamines and dibasic acids are desig-
nated with 2 numbers, the first representing the diamine and the second indicat-
ing the adipic acid, as in nylon 6,6 or nylon 6,10 with sebacic acid. Thermoplastic 
nylons have amide (CONH) repeating link Nylon 6,6  —  poly- hexamethylene- 
diamine is a linear polymer with the following chemical reaction of hexamethyl-
ene diamine and adipic acid in a condensation polymerization. It produces a 
nylon salt, water, and heat as shown in Figure 10.10.

Nylon can have the following chemical structures:

 ● Nylon 6 —  polycaprolactam (linear)
[NH(CH2)5CO]n

NH2(CH2)6NH2+ COOH(CH2)4COOH →
[NH2(CH2)6NH·CO (CH2)4CO] n+ nH2O + (heat)

Figure 10.10  Chemistry of nylon 6,6 formation.
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 ● Nylon 6, 10 —  polyhexamethylenesebacamide (linear)
[NH2(CH2)6NH.CO (CH2)8CO]n

 ● Nylon 11 —  poly(11- amino- undecanoic- amide (linear)
[NH(CH2)10CO]n

 ● Nylon 12 —  poly(11- amino- undecanoic- amide (linear)
[NH(CH2)11CO]n

Note: Nylon 12 has a significant drop in tensile strength with exposure to mois-
ture and wet environments. (Nylon 12-strength drop 2020). 

Nomax PMPI was the first commercial aramid fiber for electrical insulation. 
Aromatic nylons are used to produce Kevlar fabric. LCP fibers feature straight- 
chain crystals and are known as Kevlar 24 and Kevlar 49.

 ● Kevlar 29 PPPT —  textile fiber for tire cord, ropes, cables, etc.
 ● Kevlar 49 PPPT —  reinforcing fiber for thermosetting resins

Transparent or amorphous polyamides are commercially available. The reduced 
crystallization is due to the introduction of side groups. Figure 10.11 shows the 
chemical structure of amorphous nylons.

Amorphous polyamides have a low shrink rate, excellent dimensional stability, 
good chemical resistance relative to other amorphous resins, are transparent, and 
have high cost relative to other amorphous resins. Figure 10.12 shows the mois-
ture absorption by nylon 6, nylon 6,6, nylon 6,10, nylon 11, and nylon 12 
(Nylon 2020). The moisture absorption is highest for Nylon 6, Nylon 6,6, Nylon 
11, and then Nylon 12. Nylon must be dried for at least four hours before molding. 
The moisture absorption can cause the mechanical properties of nylon to drop.

The tensile strength of nylon 12 can be significantly reduced as shown in 
Figure 10.13. By having a 9% absorption of moisture, the tensile strength of Nylon 
12 can be reduced 85%. (Nylon- properties drop 2020).

The fiber applications include use into tire cords with nylon 6 and nylon 6,6. 
Approximately, 50% of the nylon production is used for passenger tires. Nylon van 
also is used for rope, thread, cord belts, filter cloths, monofilaments-  brushes, 
sports equipment, and bristles with nylon 6,10. The plastic applications can also 
include bearings, gears, cams, rollers, slides, door latches, thread guides, clothing, 
light tents, shower curtains, umbrellas, and electrical wire jackets with nylon 11. 

n

PA -(6,3,T)

CH2C3H6C2H4 NHCO NHCO

n

PA -(6,T)

(CH2)6NHCO NHCO

Figure 10.11  Chemical structure of amorphous nylon.
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Adhesive applications can include hot melt or solution type. They are thermosets 
reacting with epoxy or phenolic resins. Some flexible adhesives can be used for 
bread wrappers, dried soup packets, book bindings. Mechanical properties of 
nylon are provided in Table 10.7.

The advantages of nylon are that they are tough, strong, impact- resistant plastic 
with low coefficient of friction and low abrasion resistance. Nylons have 
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high- temperature resistance that can be processed by traditional thermoplastic 
methods. Nylons have good solvent resistance and are resistant to bases.

The disadvantages of nylon are high moisture absorption with dimensional 
instability. The tensile strength of wet nylon can be reduced up to 30% and the 
tensile modulus can be reduced up to 50%. Nylons are subject to attack by strong 
acids and oxidizing agents. Like all plastics, nylon requires UV stabilization. Nylon 
can have high shrinkage in molded sections. Electrical and mechanical properties 
of nylon are influenced by moisture content, Nylon can be dissolved by phenols. 
Additives for nylon include antioxidants, UV stabilizers, colorants, and lubricants.

The fillers that are blended with nylon include talc and calcium carbonate. 
Nylon can have glass fibers as reinforcements. The glass fiber is typically short 
E- glass fiber of 1/8″ in length or long fiber at 1/4″ in length. Fibers, like wollas-
tonite or mica, can be added. Other fibers can include carbon fibers, graphite fib-
ers, metallic flakes, and steel fibers. The properties of glass- filled nylon are shown 
in Table 10.8. Glass- filled nylon with 33% short glass fiber can be used for cam-
shafts in cars and trucks. Table  10.8 shows that glass fibers double the tensile 
strength of nylon 6,6 and cause the tensile modulus to increase by 300%. Carbon 
fiber increases the tensile strength by 250% and increases the tensile modulus by 
600%. Glass- filled nylon can replace aluminum in applications for the automobile, 
like valve covers, as shown in Figure 10.14.

10.8  Polyimide

Polyimides were developed by Du Pont in 1962. Polyimides are obtained from a 
condensation polymerization of aromatic diamine and an aromatic dianhydride. 
They are characterized as linear thermoplastics that are difficult to process. Many 

Table 10.7  Mechanical properties of Nylon.

Nylon 6 Nylon 6,6 Nylon 6,10 Nylon 6,12

Density, g/cc 1.13–1.15 1.13–1.15 1.09 1.05–1.10

Tensile strength, psi 6000–12 000 14 000 8500 6500–8800

Tensile modulus, psi 300k 230k— 550k 250k 220k— 290k

Tensile elongation, % 30–100% 15–80% 70% 150%

Impact strength, ft- lb/in 0.6–2.2 0.55–1.0 1.2 1.0–1.9

CLTE, 10−6 mm/mm/C 50 50 80 80

HDT, @264 psi 160F 160F 160F 160F

Source: Data from Nylon- properties 2020.
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polyimides do not melt but are fabricated by machining. Molding can occur if 
enough time for flow is allowed for T > Tg. The heat deflection temperature (HDT) 
of polyetherimide is 210 °C. Heat deflection of several plastics is listed in a recent 
article (HDT- plastics 2020).

The chemical formula of polyimide is shown in Figure 10.15.
The advantages of polyimides are high- temperature service up to 700 °C. They 

have excellent barrier, electrical properties, solvent, and wear resistance. Polyimide 
has good adhesion and is especially suited for composite fabrication. The 

Table 10.8  Properties of glass- filled nylon.

Nylon 6,6
Nylon 6,6 (30% 
short glass fiber)

Nylon 6,6 (30% 
long glass fiber)

Nylon 6,6 (30% 
carbon fiber)

Density, g/cc 1.13–1.15 1.4 1.4 1.05–1.10

Tensile strength, psi 14 000 28 000 28 000 32 000

Tensile modulus, psi 230k—550k 1300k 1400k 3300k

Tensile elongation, % 15–80% 3% 3% 4%

Impact strength, ft- lb/in 0.55–1.0 1.6–4.5 4 1.0–1.9

CLTE, 10−6 mm/mm/C 50 12 12 10

HDT, @264 psi 160F 491F 491F 491F

Source: Glass- filled Nylon- Properties 2020.

Figure 10.14  Glass filled 
nylon valve covers for 
Ford Mustang. Source: 
Nylon valve cover 2020.
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Figure 10.15  Chemical formula of 
polyimide.
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Table 10.9  Mechanical properties of polyimide, nylon 6, and polyamide- imide.

Nylon 6 Acetal Polyimide Poly amide- imide

Density, g/cc 1.13–1.15 1.42 1.43 1.41

Tensile strength, psi 6000–12 000 10 000 10 000 26 000

Tensile modulus, psi 300k 520k 500k 500k

Tensile elongation, % 30–100% 40–80% 90% 80%

Impact strength, ft- lb/in 0.6–2.2 0.07 0.9 2.5

CLTE, 10−6 mm/mm/C 50 100 40 45

HDT, @264 psi 160F 320F 410 400F

Source: Data from Polyimide- Properties 2020.

properties of polyimide are compared to nylon 6 and polyamide–imide in 
Table 10.9. The properties of polyimides are very similar to acetal and higher than 
Nylon 6.

10.9  Polyarylate

Polyarylesters repeat units feature only aromatic- type groups (phenyl or aryl 
groups) between ester linkages. Polyarylates cane be called wholly aromatic poly-
esters and can be based on a combination of suitable chemicals, like,

 ● p- Hydroxybenzoic acid
 ● Terephthalic acid
 ● Isophthalic acid
 ● Bisphenol- A

The mechanical properties correspond to a very stiff and regular chain with 
high crystallinity and high- temperature stability. Applications can include bear-
ings, high- temperature sensors, and aerospace applications. Polyarylates can be 
processed with injection molding and compressing molding.

10.10  Polycarbonate

PC was invented in 1898 by F. Bayer in Germany. Commercial production began 
in the United States in 1959. PC is an amorphous, engineering thermoplastic that 
is known for toughness, clarity, and high- heat deflection temperatures. PCs are 
linear, amorphous polyesters because they contain esters of carbonic acid and an 
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aromatic bisphenol. PC is produced with the chemical reaction of bis- phenol A 
(BPA) and phosgene. The chemical structure of PC is shown in Figure 10.16.

The mechanical properties of PC are shown in Table 10.10. The table shows that 
PC has equivalent tensile strength and modulus as acrylics and ABS. PC has the 
highest elongation and impact strength. PC is a durable material with high impact 
resistance and low scratch resistance. PC is used very frequently with eye- wear 
lenses. PC has equivalent mechanical properties as Mechanical properties as Poly 
methyl methacrylate (PMMA) but significantly higher impact strength and ther-
mal properties as measured with HDT.

PC can be blended with ABS should be used for door panels and fenders are 
cars. Saturn in the 1990s used PC/ABS for the door panels. Chevy Camaro and 
Pontiac used the PC/ABS in the door panel and fender in the 1990s as well. PC can 
be used for appearance housings and structural parts which need stiffness, gloss, 
impact, and heat resistance which is higher than ABS.

PC housings requiring UL V0, but not 5VA- that is, portable electronic devices, 
not permanently fixed electric devices are also good applications for PC/
ABS. Others include appearance parts requiring color fastness under interior UV 
light, interior parts where temperature environment is between 180 and 230 F —  
“above the beltline” applications, and where nonshattering ductility is required 

O

O

CH3

CH3

C O C

n

Figure 10.16  Chemical structure of PC.

Table 10.10  Mechanical properties of ABS, acrylic, and PC.

Acrylic PC ABS PC/ABS

Density, g/cc 1.16–1.19 1.2 0.97–1.04 1.18–1.20

Tensile Strength, psi 5000–9000 9500 3300–8000 5800–9300

Tensile Modulus, psi 200k–500k 350k 320k— 400k 350k–450k

Tensile elongation, % 20–70% 110% 1.5–25% 50–60%

Impact Strength ft- lb/in 0.65–2.5 16 1.4–12 6.4–11

Hardness M38- M68 M70 R100- 120 R95 - R120

CLTE 48–80 68 65–95 67

10−6 mm/mm/C

HDT 264 psi 165–209F 270 190F–225F 225F

Source: Data from LCP 2020.
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like instrument panel retainers. Applications can be painted exterior parts that 
require low- temperature impact strength greater than 10 ft.- lb./in. is another place 
PC/ABS should be used. Any outdoor application should be painted.

10.11  Thermoplastic Polyurethane

Polyurethane can be either thermoset or thermoplastic. Both are made with the 
chemical reaction of an isocyanate and alcohol, or polyol. The thermoset polyure-
thane has low viscosity liquid resin that chemically reacts in the mold. The TPU is 
made at the production plant and made into plastic pellets or powder that is sent to 
the molders. The TPU does not have crosslinks in it and can be melted over and over 
again. The thermoset polyurethane has crosslinks of isocyanate and alcohol, or polyol. 
This will be further discussed in the thermoset chapter. The practically unlimited 
amount of possible combinations produced by varying the structure and/or 
molecular weight of the three reaction compounds allows for an enormous variety 
of different TPU. This allows urethane chemists to fine- tune the polymer’s structure 
to the desired final properties of the material. The final polyurethane resin consists 
of linear polymeric chains in block structures. This is shown in Figure 10.17.

 ● Hard segment (isocyanate)
 ● Soft segment (polyol) or (alcohol)

The chemistry of polyurethanes involves the chemical reaction of isocyanates 
and alcohols as shown in Figure 10.18.

The final TPU plastic consists of linear polymeric chains in block structures. 
The crystalline or pseudo crystalline areas act as physical cross- links, which 
account for the high elasticity level of TPU, whereas the flexible chains will impart 
the elongation characteristics to the polymer. These “pseudo crosslinks,” however, 

Soft Hard Soft
Hard Soft

Hard

Soft Hard Soft
Hard Soft

Hard

Figure 10.17  Hard and soft 
segments in polyurethane.
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Figure 10.18  Chemistry of polyurethanes.
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disappear under the effect of heat, and thus the classical extrusion, injection 
molding processing methods are applicable to these materials. TPU can be recy-
cled through remelting of the recycled plastic.

The mechanical properties of polyurethanes can range from very soft and elas-
tomeric to rigid depending on the ratio of isocyanate to polyol. The higher the 
amount of isocyanate yields higher mechanical properties. The mechanical prop-
erties of TPU are shown in Table 10.11.

TPU has many applications today. TPU can be used for caster wheels, power 
tools, sporting goods, medical devices, drive belts, footwear, inflatable rafts, and a 
variety of extruded film, sheet, and profile applications. TPU is also a popular 
material found in outer cases of mobile electronic devices, such as mobile phones. 
It is also used to make keyboard protectors for laptops.

10.12  Polyether- Ether- Ketone

PEEK and PEK are thermoplastics with high thermal properties and strength. 
PEEK was invented by ICI in 1982. PEK was introduced in 1987. PEEK and PEK 
are aromatic polyketones. PEEK is a linear aromatic polymer that is semicrystal-
line and is widely regarded as the highest performance thermoplastic material. 
PEEK has repeating monomers of two ether and ketone groups, as shown in 
Figures 10.19 and 10.20.

Table 10.11  Mechanical properties of TPU.

TPU LDPE PP

Density, g/cc 1.16 0.92 0.9

Tensile strength, MPa 54 16 34

Tensile modulus, MPa 145 240 1378

Tensile elongation, % 300% 40–200% 80–100%

Impact strength, kJ/m2 3 30 20

CLTE, μm/m/C 58 100 80

HDT, @1.8 MPa 85 °C 50 °C 75 °C

Source: Data from TPU properties 2020.
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Figure 10.19  Chemistry of PEEK.
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The mechanical properties of PEEK are listed in Table 10.12 and are compared 
with LCP and nylon 6.

PEEK is naturally tan in color and can be pigmented with a wide range of colors, 
allowing for easy part identification. What sets PEEK apart from fluoropolymers 
is the fact that PEEK polymer retains its mechanical properties at extremely high 
temperatures (continuous service temperature of 500 °F/260 °C). The cost is $48 
per pound in 2020. The product names are

 ● ICI: Vivtrex
 ● BASF: Ultrapak
 ● Hoechst Celanese: Hostatec
 ● DuPont: PEKK
 ● Amoco: Kadel

PEEK replaces metal tubing and is an ideal replacement for stainless steel, other 
types of metal tubing, and even glass, for weight reduction, comparable strength/
mass, chemical resistance, hardness, and low extractables. PEEK most of all is com-
parable in strength, yet lighter and more cost effective than stainless steel. PEEK is 
polymer tubing, so the risk of corrosion, outgassing, or leaching (which can cause 
contamination) is minimal. PEEK is chemically resistant and inert with most acids 
and bases. PEEK with thin walls can also be made more flexible than stainless steel 
or titanium tubing, and can easily be cut to length with a razor blade. PEEK is weld-
able, machinable, and can be used with your existing stainless steel or polymer 

O

n
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Figure 10.20  Chemistry of PEK.

Table 10.12  Mechanical properties of PEEK.

PEEK LCP Nylon 6

Density, g/cc 1.30–1.32 1.35–1.40 1.13–1.15

Tensile strength, MPa 103 152 62

Tensile modulus, MPa 3447 17 237 2000

Tensile elongation, % 30–150% 1.3–4.5% 30–100%

Impact strength, kJ/m2 35 140 30

CLTE, μm/m/C 40–47 25–30 50

HDT, @1.8 Mpa 165C 350C 160F

Source: Data from PEEK properties 2020.
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fittings. PEEK can be bonded with epoxies, cyanoacrylates, polyurethanes. Aerospace 
industry replaces aluminum with PEEK. It can be used as a fuel line brakes to 
replacement of primary structure. The electrical applications include wire coating 
for nuclear applications, oil wells, flammability- critical mass transit. Semiconductor 
wafer carriers can use PEEK, which can show better rigidity, minimum weight, and 
chemical resistance to fluoropolymers. Other applications include:

 ● Chemical and hydrolysis resistant valves (replaced glass).
 ● Internal combustion engines (replaced thermosets).
 ● Cooker components (replaced enamel).
 ● Components (replaced metal).
 ● High temperature and chemical resistant filters from fiber.
 ● Low friction bearings.

The advantages of PEEK are that:

 ● Very high continuous use temperature (240 °C).
 ● Outstanding chemical resistance.
 ● Outstanding wear resistance.
 ● Excellent hydrolysis resistance.
 ● Excellent mechanical properties.
 ● Very low flammability and smoke generation.
 ● Resistant to high levels of gamma radiation.

The biggest disadvantages are the high material costs and high processing 
temperatures.

10.13  PPO, PPS and PPE

Several plastics have been developed with the benzene ring in the backbone, 
including, PPO and polyphenylene sulfide. Both are used in aerospace applica-
tions. Polyphenylene is shown in Figure 10.21. Polyphenylene oxide is shown in 
Figure 10.22. Polyphenylene sulfide is shown in Figure 10.23.

n

O O O

Figure 10.22  Polyphenylene oxide (PPO) 
chemical structure. Source: PPS- Chemical 
structure (2022).

n

Figure 10.21  Polyphenylene chemical structure. 
Source: Polyphenylene (2022).
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The mechanical properties are listed in Table 10.13 for PS, PPO, and nylon 6. The 
table shows that PPS has a higher density, tensile strength, and tensile modulus 
than PPO and nylon 6. PPS has lower tensile elongation, impact strength, and HDT 
than nylon 6. PPO, also known as polyphenylene ether (PPE), is a thermoplastic, 
linear, noncrystalline polyether that has high strength, high heat distortion tem-
perature, and high chemical resistance (PPO- Properties 2022). It is also known as 
Noryl from Sabic Plastics Company. Because of its unique combination of high 
mechanical property, low moisture absorption, excellent electrical insulation prop-
erty, excellent dimension stability, and inherent flame resistance, PPO has been 
widely used for a broad range of applications. For applications, PPO can be used in 
heater and air conditioner control system components, functional parts in the 
heating and ventilation sectors, instrument panels, interior mirror housings, seat-
backs, grilles, spoilers, exterior mirror housings, wheel trims, and body panels.

The applications for PPS include computer components, range components, 
hairdryers, submersible pump enclosures, and small appliance housings. The 
applications for PPO include computer screens, pump impellers, small appliance 
housings, instrument housing, and some parts.

The advantages of PPS are that it has high usage temperature at 205 °C, good 
radiation resistance, excellent dimensional stability, low moisture absorption, 
good solvent, good chemical resistance, and excellent abrasion resistance. The 
advantages of PPO are that it has good fatigue and impact strength, good radiation 
resistance, excellent dimensional stability, and low oxidation.

n
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Figure 10.23  Polyphenylene sulfide (PPS) chemical structure. Source: PPS- Chemical 
structure (2022).

Table 10.13  Mechanical properties of PPS, PPO, and Nylon 6.

PPS PPO Nylon 6

Density, g/cc 1.3 1.04–1010 1.13–1.15

Tensile strength, MPa 65 54 62

Tensile modulus, MPa 3300 2400 2000

Tensile elongation, % 1–2% 60–400% 30–100%

Impact strength, kJ/m2 5 5 30

CLTE, μm/m/C 49 60 50

HDT, @1.8 Mpa 135C 95C 160F

Source: Data from PPS Properties 2020.



10.14 PllrtetraalBlrlettrlene 275

The disadvantages of PPS are that it has high cost, high processing temperatures, 
and poor resistance to chlorinated hydrocarbons. The disadvantages of PPO are 
that it has high cost and poor resistance to certain chemicals.

10.14  Polytetrafluoroethylene

PTFE is a synthetic fluoropolymer of tetrafluoroethylene that has numerous 
applications. The best- known brand name of PTFE- based formulas is Teflon by 
Chemours. Chemours is a spin- off of DuPont Co., which discovered the com-
pound in 1938. PTFE is a fluorocarbon solid, as it is a high- molecular- weight com-
pound consisting wholly of carbon and fluorine. PTFE is hydrophobic: neither 
water nor water- containing substances wet PTFE, as fluorocarbons demonstrate 
mitigated London dispersion forces due to the high electronegativity of fluorine. 
PTFE has one of the lowest coefficients of friction of any solid.

PTFE is used as a nonstick coating for pans and other cookware. It is very 
nonreactive, partly because of the strength of carbon–fluorine bonds, and so it 
is often used in containers and pipework for reactive and corrosive chemicals. 
Where used as a lubricant, PTFE reduces friction, wear, and energy consump-
tion of machinery. It is commonly used as a graft material in surgical interven-
tions. Also, it is frequently employed as coating on catheters; this interferes 
with the ability of bacteria and other infectious agents to adhere to catheters 
and cause hospital- acquired infections. Figure  10.24 shows applications 
of Teflon.

Figure 10.24  Applications of Teflon. Source: Teflon 2020.
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PTFE was accidentally discovered in 1938 by Roy 
Plunkett while he was  working in New Jersey for 
DuPont. (Teflon  2020). As Plunkett attempted to 
make a new chlorofluorocarbon refrigerant, the tetra-
fluoroethylene gas in its pressure bottle stopped flow-
ing before the bottle’s weight had dropped to the 
point signaling “empty.” Since Plunkett was measur-
ing the amount of gas used by weighing the bottle, he 

became curious as to the source of the weight, and finally resorted to sawing the 
bottle apart. He found the bottle’s interior coated with a waxy white material that 
was oddly slippery. Analysis showed that it was polymerized perfluoroethylene, 
with the iron from the inside of the container having acted as a catalyst at high 
pressure. Kinetic Chemicals patented the new fluorinated plastic (analogous to 
the already known polyethylene) in 1941, and registered the Teflon trademark 
in 1945.

By 1948, DuPont, which founded Kinetic Chemicals in partnership with General 
Motors, was producing over two million pounds (900 tons) of Teflon brand PTFE 
per year in Parkersburg, West Virginia. An early use was in the Manhattan Project 
as a material to coat valves and seals in the pipes holding highly reactive uranium 
hexafluoride at the vast K- 25 uranium enrichment plant in Oak Ridge, Tennessee. 
The chemistry of PTFE is shown in Figure 10.25.

PTFE is produced by free- radical polymerization of tetrafluoroethylene as 
shown in Eq. 10.1.

 n
n

F C CF F C CF2 2 2 2  (10.1)

Because tetrafluoroethylene can explosively decompose to tetrafluoromethane 
and carbon, special apparatus is required for the polymerization to prevent hot 
spots that might initiate this dangerous side reaction. The process is typically initi-
ated with persulfate, which homolyzes to generate sulfate radicals as shown in 
Eq. 10.2:

 
− − −   

2
3 3 4O SO OSO 2SO  (10.2)

The resulting polymer is terminated with sulfate ester groups, which can be 
hydrolyzed to give OH end groups. Because PTFE is poorly soluble in almost all 
solvents, the polymerization is conducted as an emulsion in water. This process 
gives a suspension of polymer particles. Alternatively, the polymerization is con-
ducted using a surfactant such as Perfluorooctanesulfonic acid (PFOS).

PTFE is a thermoplastic polymer, which is a white solid at room temperature, 
with a density of about 2.200 g/cm3. According to DuPont, its melting point is 
600 K (327 °C; 620 °F). It maintains high strength, toughness, and self- lubrication 

C C

F

F F
n

F

Figure 10.25  Chemistry 
of PTFE.
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at low temperatures down to 5 K (−268.15 °C; −450.67 °F), and good flexibility at 
temperatures above 194 K (−79 °C; −110 °F). PTFE gains its properties from the 
aggregate effect of carbon–fluorine bonds, as do all fluorocarbons. The only chem-
icals known to affect these carbon–fluorine bonds are highly reactive metals like 
the alkali metals, and at higher temperatures also such metals as aluminum and 
magnesium, and fluorinating agents such as xenon difluoride and cobalt III fluo-
ride. The properties of Teflon are shown in Table 10.14.
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Polymer materials can be made using a thermosetting process. These thermoset 
plastics are the resin materials that can be used to make a polymer composite by 
chemically reacting the monomer polymers into a crosslinked and long- chain 
polymer. The thermoset process builds molecular weight in the polymer during 
the polymer reaction and it can also crosslink the polymer to form a new polymer.

This chapter will describe the thermoset polymer materials in two categories, 
namely, automotive and aerospace polymers.

11.1  Automotive Thermoset Polymers

The thermoset polymers for automotive applications are thermosets and reacting 
polymers that are produced with the following characteristics:

1) Cycle times less than two minutes.
2) Service use temperatures of 60–70 °C (140–158 °F).
3) Low- cost materials.
4) Mild chemical resistance.
5) Painted for exterior body use.
6) Good mechanical properties.
7) Good thermal properties.

The following sections discuss the chemistry, polymerization methods, proper-
ties, products, and characteristics of automotive thermoset polymers.

11

Thermoset Polymers
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11.1.1 Polyester Resin

Polyester polymer resins are unsaturated synthetic resins formed by the reactions 
of dibasic organic acids and polyhydric alcohols. The polyesters are formed in a 
condensation or step- wise polymerization process where the reactants are chemi-
cally combined to form intermediates that react to form the polyester resin. 
Common dibasic acids are as follows:

 ● Isophthalic acid
 ● Orthophthalic acid
 ● Terephthalic acid

Common alcohols for polyester resins are as follows:

 ● Bisphenol A
 ● Diethylene glycol
 ● Ethylene glycol
 ● Neopentyl glycol
 ● Propylene glycol

The glycols can all be used to produce epoxies. The ethylene glycol provides 
low- cost alternative. The propylene glycol provides excellent styrene compatibil-
ity. The diethylene glycol provides superior toughness. The neopentyl glycol pro-
vides good weathering and chemical resistance. The bisphenol A provides 
excellent strength, toughness, and weathering, chemical, and water resistance 
(Figure 11.1).

The reaction for polyester polymerization occurs in two steps when the unsatu-
rated (double) bonds are transformed chemically to saturated (single) bonds as 
the polymer builds molecular weight in the first step and the polyester resin is 
crosslinked in the second step. The first step is shown in Figure 11.2 below.

HOCH2CH2OH

Ethylene glycol

Bisphenol A

Propylene glycol

Diethylene glycol

Neopentyl glycol

HOCH2CHOH

CH3

CH3

CH3

HO OHCH2CCH2

CH3

CH3

HOCH2CH2OCH2CH2OH HOCH2CCH2OH

Figure 11.1  Glycol materials for reaction to form polyester polymer.
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The polymer builds molecular weight based on the reaction of the initiator, gly-
col, and the diacid. The diacid gives up a hydrogen, H, and bonds with a glycol or 
hydroxyl group to form an ester linkage and water. The polymerization is a conden-
sation reaction that creates a water by- product. The polymerization continues to 
build the length of the polymer or molecular weight. The polymerization usually 
takes several weeks to build molecular weight. The polymer is typically placed in a 
cold environment like a freezer during the cure process. This prevents the polymer 
from forming crosslinks. The crosslinking reaction is shown in Figure 11.3.

H H H
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C C C OHC O H +OH OH

H

H H H

H H

Polyester polymer Water
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n
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C C C C C C

Figure 11.2  Step 1: Chemical reaction of glycol and diacid to form a polyester polymer.
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The second step in the polymerization of polyester is the crosslinking operation. 
In this step, heat or radiation can trigger the crosslinking reaction. The unsatu-
rated bonds in the polyester open up with a peroxide and react with the styrene 
monomer to form a crosslinked polyester polymer. The crosslinking reaction is an 
addition polymerization that does not create by- products. The crosslinking step 
occurs with styrene and polyester resin usually in a heated mold. The chilled poly-
ester resin is usually cut into strips about two inches wide and six inches long and 
stacked in a heated mold. The polyester resin utilizes a catalyst to initiate the reac-
tion. Also, an accelerator can be used to speed up the reaction and an inhibitor can 
be used to terminate the crosslinking reaction. Styrene resin is the most common 
crosslinking agent. Styrene can comprise 30–50% of the volume of the chemicals 
in the crosslinking reaction. Vinyl toluene can be used to create a vinyl ester poly-
mer. Methyl methacrylate (MMA) can be used for MMA polymer. The initiator 
can be a peroxide as in MEKP for methyl ethyl ketone peroxide. Typically, 1–2% of 
peroxide initiates the chemical reaction. The polymerization reaction is exother-
mic and will add heat to the polymer.

Polyester resin is the most common thermoset resin in use today. It can be used 
to make body panels on a car, shower enclosures, paints, gold carts, tubs for home, 
counter tops, and in car part repair (e.g. Bondo). It can be combined with glass fib-
ers and calcium carbonate to make the sheet molding compound (SMC) body panel 
material. Often times, fillers like talc and calcium carbonate are added to the resin 
to control shrinkage and thermal stability. Also, glass and carbon fibers can be 
added to the polymer to create a strong and stiff polymer composite with metal- like 
properties. The polyester resin must be heated again at about four hours to approxi-
mately 65 °C (149 °F) after molding to drive off water in a post- curing process.

Vinyl esters can be produced with chemical reaction of an epoxy with an unsat-
urated monocarboxylic acid. The polymerization occurs to build molecular 
weight. It is then crosslinked with styrene to form the crosslinked polymer. The 
chemistry is shown in Figure 11.4.

The crosslinking in the second step is shown in Figure 11.5.
Other crosslinking reactants can be as follows:

 ● Styrene
 ● MMA
 ● Butyl acrylate and butyl methacrylate
 ● Alpha methyl styrene
 ● Vinyl toluene
 ● Para- methyl styrene
 ● Diallyl phthalate (DAP)
 ● Diallyl isophthalate (DAIP)
 ● Octyl acrylamide
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 ● Trimethylol propane triacrylate
 ● Triallyl isocyanurate
 ● Diallyl maleate
 ● Diallyl tetrabromophthlalate

Polyester materials can be cured using an appropriate hardener through a cata-
lyst in order to hasten the process of decomposition. In the case of thermosetting 
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Figure 11.4  Step 1: Polymerization of vinyl ester from epoxy and monocarboxylic acid.
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11 Thermoset Polymers284

epoxy materials that have ester linkages, hexahydro- 4- methylphthalic anhydride 
(HHMPA) was appropriately adopted as the hardener and later 1- cyanoethyl- 2- et
hyl- 4- methyimidazole was taken, which acted as a catalyst. In the case of materi-
als that have carbamate linkages, the same hardener and catalyst were applied to 
hasten the decomposition rate.

When polyesters were subjected to temperatures below 350 °C, various insights 
emerged. From all the materials investigated, degradation was found to begin 
between 225 and 250 °C. This degradation is linked to thermal breakdown of 
acetal ester groups within thermosetting material structures. Thermogravimetric 
analysis (TGA) results indicate these materials have stable structures up to about 
150 °C. However, rapid breakdown within their structures happens at tempera-
ture of around 200 °C. Additionally, it is apparent that weight loss in thermoset-
ting materials that contain acetal esters, carbonates, carbamates, and esters is 
100% at temperatures between 250 and 350 °C.

11.1.1.1 Mechanical Properties
The mechanical properties of polyester are excellent for automotive applications. 
Polyester use is mostly in automotive body panels, e.g. Corvette door, roof, and 
hood applications. It is a major component of SMC. The mechanical properties of 
the Ashland Chemical Arpol polyester are provided in Table 11.1.

Polyester is a liquid with good tensile strength and modulus. It is a brittle resin 
with low elongation at break. The specific gravity is 1.2, so it will sink even in a 
cup of water.

11.1.1.2  Processing of Polyesters
Polyesters can be used to produce paints, coverings, and resins for engineering 
composites. Polyester is a viscous liquid and thus can be pumped in a spray can 
to produce fiberglass boating. It can be added to glass fibers or carbon fibers 
using resin transfer molding (RTM). It can be combined with glass fibers and 

Table 11.1  Mechanical properties of the Ashland Chemical Arpol polyester.

Property Arpol NLN 7150 Arpol LP 67400

Tensile strength, psi 30 500 31 000

Tensile modulus, psi 1860 1930

Elongation at break, % 2 2

Flexural strength, psi 41 400 47 300

Flexural modulus, psi 1850 181

Source: Data from Polyester properties (2020).
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calcium carbonate in an SMC and compression molded into a part with a heated 
mold. The polyester resin will crosslink with styrene in the heated mold to flor a 
solid part.

11.1.1.3  Mechanical Properties
The mechanical properties of vinyl ester, polyester, polyurethane, and phenolics 
(Phenolics 2021) can be found at www.matweb.com. The properties listed in 
Table 11.2 are typical values found on the website.

The values in Table 11.2 show that the thermoset resins have reasonable tensile 
strength, modulus, and elongation. BMC is a bulk molding compound polyester. 
Vinyl esters have the highest impact strength than other thermoset polymers. 
Epoxy has the highest ultimate tensile strength. Vinyl ester has the highest tensile 
modulus. Phenolics have the highest heat distortion temperature (HDT).

11.1.2 Epoxy

Epoxies are polymerized with a wide range of reactants, which include polyfunc-
tional amines, acids, anhydrides, phenols, alcohols, and thiols.

Epoxy resins are a class of reactive polymers that contain epoxide groups. Epoxy 
resins may be crosslinked either with themselves or with a wide range of co- 
reactants, including amines, acids, anhydrides, phenols, alcohols, and thiols. 
These co- reactants are often referred to as hardeners. The ratio of epoxy resin to 

Table 11.2  Mechanical properties of typical thermoset polymers.

Polyester, 
BMC

Vinyl 
ester Epoxy

Polyurethane 
(TPU) Phenolics

Specific gravity 1.1 1.03 1.18 1.25 1.35

Viscosity, cP 500 575 800 1400 Solid

Ultimate tensile strength, psi 10 900 13 300 14 000 400 8400

Tensile modulus, kpsi 400 590 450 300 1250

Tensile elongation at break, % 2.4 4.6 4 30 12

Izod notched impact strength, 
ft- lbs/in

7 8.4 2.2 2 0.6

CLTE, μin/(in- F) 55 40 50 65 30

Heat distortion temperature 
(HDT) (66 psi) °F

284 300 350 220 400

Abbreviations: Bulk Molding Compound (BMC); centipoise (cP); Boeing Material Specification 
(BMS); Coefficient of Linear Thermal Expansion  (CLTE); Heat Distortion Temperature (HDT), 
Thermoplastic polyurethane (TPU).
Source: Data from Thermoset properties (2020).

http://www.matweb.com
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hardener may be 1:1 or 4:1. The chemistry of epoxies is shown in Figure 11.6. The 
chemistry of epoxies involves the chemical reaction of bisphenol A and epichloro-
hydrin as shown below. The degree of polymerization, n, can be between 1 and 15 
for epoxy polymers.

11.1.2.1 Epoxy Applications
Epoxy polymers can be used in many applications, including coatings for elec-
tronics, paints, coatings, resin for soft tooling, structural adhesives, and as the 
resin for aerospace high- performance composites when combined with carbon 
fiber reinforcement. The thermosetting epoxy polymer can achieve high mechani-
cal, thermal, and chemical resistant properties, as shown in Table 11.2. Epoxy can 
be used in automotive applications for some under the hood parts and for making 
of composite molds.

In epoxy materials, based on ester linkages, decomposition was notable at tem-
peratures between 250 and 300 °C. This temperature is lower when compared to 
the same material with primary ester bonds, which shows significant decomposi-
tion at 350 °C. Upon degradation test, it was found that both strength and cross-
link density showed consistent decrease. Apparent from this is that tertiary esters 
were responsible for the differences noted. In the case of thermosetting epoxy 
materials that have carbamate linkages, decomposition began at temperatures 
between 250 and 300 °C. However, for commercial cycloaliphatic epoxide that 
lacks the carbamate link, decomposition began at 350 °C. Unlike in the earlier 
case, complications arising from these materials’ possible behavior as catalysts 
made it hard to account for the emerging differences (Giménez et  al.  2005). 
Similarly, in the thermosetting materials that contain carbonate linkages, decom-
position was found to begin at temperatures that are slightly lower than 
350 °C. Apparently, this coincides with the decomposition temperature of cycloa-
liphatic di- epoxide, which is normally found in commercial applications.
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Figure 11.6  Epoxy chemistry.
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11.1.2.2  Processing of Epoxies
Epoxies can be used to produce paints, coverings, and resins for engineering 
 composites. Epoxy is a viscous liquid and thus can be added to glass fibers or car-
bon fibers using RTM. It can be combined with carbon fibers in RTM process to 
produce a part with a heated mold. The epoxy resin will crosslink with the hard-
ener in the heated mold to flor a solid part.

11.1.3  Polyurethane

Polyurethanes are a reaction between an isocyanate and an alcohol, which is 
called a polyol. The polyurethanes are an interesting polymer that has a hard seg-
ment from the di- isocyanate and a soft segment from the polyol. The di- isocyanate 
has a polymer chain in addition to the NCO– functionality. The polyol also has a 
prepolymer on the polymer chain in addition to the OH– functionality.

The isocyanate can be methyl di- isocyanate (MDI) or toluene di- isocyanate 
(TDI) based. MDI is used for rigid and flexible polymers. TDI can be used to make 
flexible polyurethane foams. Flexible polyurethane foam is used in furniture 
cushions and other common household applications. The di- isocyanate monomer 
can be MDI and polyol and their chemistry is shown in the chemical reaction of 
Figure 11.7 below.

Polyurethanes can be used for producing flexible parts, foams, or rigid parts 
depending on the ratio of di- isocyanate and polyol. For flexible parts the ratio is 1:2 
iso:polyol; for foams the ratio is more than 1:4. For rigid parts the ratio is closer to 1:1.

11.1.3.1  Processing of Polyurethane
Polyurethanes can be used to produce paints, coverings, foam, rigid parts, and 
resins for engineering composites. Polyurethane is a viscous liquid and is usually 
pumped in a closed molding machine for foam, flexible parts, and firm parts. The 
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Figure 11.7  Polyurethane chemistry.
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polyurethane metering machine, typically, has 50 gallon tanks of isocyanate and 
polyol. The tanks meter the ratio of isocyanate (iso) and polyol to the mixhead 
that dispenses it into the foam mold. The flow rates are low and the pressures are 
less than 10 MPa. Figure 11.8 is an example of a typical polyurethane foam meter-
ing machine. For more rigid parts, polyurethane is dispensed in a reaction injec-
tion molding (RIM) machine. The polyurethane RIM machine, typically, has 
50 gallon tanks of isocyanate and polyol. The tanks meter the ratio of isocyanate 
and polyol to the mixhead that dispenses it into the polyurethane mold for an 
automotive fascia or fender. The ratios are typically 1:1 of iso and polyol. The flow 
rates are low and the pressures are less than 20 MPa. The key to proper RIM mold-
ing is the use of impingement mixing of the polyol and isocyanate at pressures of 
14 MPa (2000 psi) that atomizes the polymers and ensures proper reaction of the 
two monomers into polyurethane. The cycle times are around two minutes and 
the parts can be as large as 12 pounds. An example of a typical RIM machine is 
shown in Figure 11.9. An excellent fundamentals reference is Dr. Chris Macosco’s 
book on RIM (Macosco 2000).

Figure 11.8  Polyurethane metering machine for foam. Source: PUR foam (2020).
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11.1.3.2  Polyurethane Automotive Applications
Polyurethanes can be used to make bumper fascia covering, fenders, and quarter 
panels, e.g. Pontiac Fiero car shown in Figure 11.10.

It also can be made into seats when it is blown into polyurethane foam, as 
shown in Figure 11.11.

The process to make a foam seat is inexpensive and requires low capital and 
investments. The process is shown in Figure 11.12.

Molded seats are made by mixing isocyanates, polyols, catalyst, and additives in 
two large tanks at approximately room temperature. The liquid is pumped through 
a long hose and pumped to the seat mold shown in Figure 11.12. The mold can be 
on a carousel to increase efficiency. The liquids are injected to the mold and the 
top of the mold is placed on the bottom mold. The molds are usually at room tem-
perature. The liquid polyurethane rises in the mold and after the cure time is 
reached, the polyurethane seat is demolded from the mold. The mold is cleaned 
and mold release is applied for the next resin shot.
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Figure 11.9  Polyurethane RIM machine for molded polyurethane parts. Source: PUR 
RIM (2020).
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11.1.4  Phenolics

Phenolics are thermoset polymers that were first commercialized in the early 1900s 
and listed as Bakelite. Phenolics are also classified as phenols since they have an 
aromatic group and a hydroxyl (OH) group in its chemical structure. Phenolics are 
produced from a chemical condensation reaction of phenol and formaldehyde as 
shown in Figure 11.13 below. Three active sites on phenol allow for both polymeri-
zation and crosslinking reactions to occur. The reactions of phenolics can be carried 

Figure 11.11  Polyurethane foam seat. Source: 
Foam seat (2020).

Figure 11.10  Pontiac Fiero car. Source: Pontiac Fiero car (2020).
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Figure 11.12  Polyurethane foam seat process. Source: Foam seat process (2020).
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out under different conditions for resole and novolac resins. Resoles are intermedi-
ate one- step liquid resins with excess formaldehyde solutions with no crosslinking 
reactions. Heat can subsequently crosslink the phenolic. Novolac resins are an 
intermediate with deficient formaldehyde solution that produces a powder without 
crosslinking. The crosslinking occurs with a curing agent of hexamethylene 
tetramine in a second step when heat is applied to the phenolic. The chemical struc-
ture of phenolics is shown in Figure 11.13. The polymerization reaction is with phe-
nol with an aromatic molecule and formaldehyde. The phenol has three actives sites 
to react with formaldehyde molecule to form methylene polymer. Multiple reaction 
sites on phenolic ring allow rings to join together creating a three- dimensional (3- D) 
polymer structure. Phenolics can be made with prepreg composites with a B- staging 
of the resin. Phenolics are old thermoset resins. They can be used for general pur-
pose, unreinforced plastics like in the following:

 ● Electrical switches.
 ● Junction boxes.
 ● Automotive molded parts.
 ● Consumer appliance parts, handles, and billiard balls.

Phenolics require the use of fillers due to their high shrinkage and brittle nature. 
Filler can include sawdust, nut shells, talc, or carbon black. Fiber- reinforced phe-
nolics have aerospace applications. Phenolics can be used with carbon fiber mats 
for rocket nozzles and nose cones. Phenolics have an ablative nature, which 
means they go from solid to gas during burning, and do not have a liquid stage. 
Thus, there is less residue that can contaminate the rocket engines. It can be used 
for high- temperature aircraft ducts, wings, fins, and muffler repair kits. The car-
bon fiber matrices are used in applications requiring excellent heat resistance. 
Carbon fiber matrices are often made from phenolics.

The carbon- filled phenolics can be made into rocket nozzles or other aerospace 
parts. The common name for phenolic is Bakelite. Phenolics have excellent flam-
mability properties, are good insulators with low heat transfer, have high thermal 
stability and electrical resistance, and have excellent resistance to chemicals, 
especially chlorinated solvents. Phenolics are suitable for transportation includ-
ing interior parts solutions for commercial aircraft passenger cabins as well as 
mass transit applications where low flammability and low smoke generation are 
important.

Phenolics have low density, hence are extensively used with polyaramid honey-
comb cores in aircraft interior. Phenolics can be co- molded as phenolic prepreg to 
dramatically reduce finishing costs of style line, radii, and other geometric varia-
tions or on a standalone basis. Phenolics with higher glass or carbon fiber content 
grades are suitable for aircraft interior structures.
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11.1.4.1  Applications for Phenolics
Phenolics can be used for pan handles, appliance knobs, electrical switches, and 
automotive electrical parts. Phenolics are used in airplanes since it has a low 
smoke generation. It can be reinforced with carbon fiber and used as an exit noz-
zle since it has an ablative nature upon heating and transforms from solid to gas 
without going into a liquid state and has reduced charring. Carbon- fiber- reinforced 
phenolics can be used for brake linings and shoes for airplanes. Glass- fiber- 
reinforced phenolics can be used in automotive industry for engine components. 
Phenolics can be reinforced with glass fiber or carbon fiber and can be used for 
aircraft interior structures since they generate much lower smoke than polyesters 
and epoxies. They can be used for high- temperature and high- pressure environ-
ments for industrial and oil and gas applications.

11.1.4.2  Processing of Phenolics
Phenolics can be used to produce molded parts or engineering composites. 
Phenolics are a powder solid that can be combined with carbon fiber or glass fiber. 
The phenolic can be processed in a compression molding with a heated mold.

11.1.4.3  Properties of Phenolics
Phenolics have good chemical resistance and are resistant to alcohols, esters, 
ketones, ethers, chlorinated hydrocarbons, benzene, mineral oils, fats, and oils. 
Phenolics have good resistance to weak acids and bases but poor resistance to 
strong acids and bases, boiling water, and Ultra violet (UV) light. Phenolics have 
lower impact toughness compared to epoxies. Phenolics have excellent flamma-
bility properties. As shown in Figure 11.14, phenolics emit much less smoke than 
epoxies or polyesters. Phenolics create much less flame spread (1.0) than typical 
transportation requirements of less than 35. Phenolics create a smoke density of 
around 1 compared to 100. Phenolics char is slow to ignite creating a favorable 
material for the interior of airplanes. The biggest advantage of phenolics is their 
low smoke generation as shown in Figure 11.14. The smoke generated from phe-
nolics is about 10% of polyester or epoxy composites after 10 minutes.

The Australian government looked at the flammability of composites and rated 
them accordingly. Table 11.3 shows the performance for flame spread for cabin 
composite materials. All of the materials were reinforced with glass fibers. The 
flame spread test was conducted according to American Society for Testing and 
Materials (ASTM) E162 standard.

Table  11.3 shows that polyether ketone ketone (PEKK) and polyimide have 
lower flame characteristics than phenolics. Epoxy has twice the flame spread and 
vinyl ester has five times the flame spread of phenolics. Phenolic item is in bold 
because of the significance of the material as the choice for aircraft use.
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Table 11.3  Flame spread for cabin composite materials.

Ranking Polymer matrix
Flame spread 
index

Improvement 
factor Reference source

1 PMR- 15 
polyimide

2.0 2.70 Sorathia (1993)

2 Polyimide 2.5 2.16 Sorathia (1993)

3 PEKK 3.0 1.80 Sorathia (1993)

4 Phenolic 5.4 ± 1.4 1.00

5 PPS 7.0 0.77 Sorathia (1993)

6 Epoxy 11.0 0.49 Sorathia et al. 
(1991)

7 Bismaleimide 18.0 0.30 Sorathia et al. 
(1991)

8 Vinyl ester 27.0 0.20 Sorathia et al. 
(1991)

Abbreviations: PEKK, polyetherketoneketone; PPS, polyphenylenesulfide.
Note: Entry in bold shows significance of the material as the choice for aircraft use.
Source: Data from Flame spread (2020).
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Phenolics have superior properties compared to epoxy, vinyl ester, and polyes-
ter. The properties of phenolic are especially excellent for low flame and smoke. 
Figures 11.15 and 11.16 show the flame spread and specific optical density for four 
thermoset resins: phenolic, epoxy, polyester, and vinyl ester.

Phenolics have very low smoke generation compared to epoxy and polyester. 
Phenolics for char and aromatic rings are slow to ignite.

11.1.5  Silicones

Silicones, also known as polysiloxanes, are polymers that include any inert, syn-
thetic compound made up of repeating units of siloxane, which is a chain of alter-
nating silicon atoms and oxygen atoms, frequently combined with carbon and/or 
hydrogen. Silicones, a term used for polymers with alternating silicon and oxygen 
atoms with various organic radicals attached to the silicon, are unique compounds 
both in terms of their chemistry and in their wide range of useful applications. 
Some of these properties include low surface tension, high lubricity, enhanced 
softness, chemical inertness, low toxicity, and nonstick properties.

Silcones are typically colorless, oils, with rubber- like properties. Silicones can 
be used in sealants, adhesives, lubricants, medicine, cooking utensils, and ther-
mal and electrical insulation. Some common forms include silicone oil, silicone 
grease, silicone rubber, silicone resin, and silicone caulk (Moretto et al. 2005).

700

600

500

400

300O
pt

ic
al

 d
en

si
ty

200

100

0
2 4 6 8 10 12 14

Time, minutes

16 18 20 21 22

Phenolic

polyester

Epoxy

Figure 11.15  Optical density versus time for burning of phenolic, epoxy, and polyester. 
Source: Johnston et al. (1988).
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Silicones are more precisely called polymerized siloxanes or polysiloxanes; 
 silicones consist of an inorganic silicon–oxygen backbone chain (⋯–Si–O–Si–O–
Si–O–⋯) with organic side groups attached to the silicon atoms, as shown in 
Figure 11.15.

11.1.5.1  Silicone Rubber
Silicone rubber is an elastomer composed of silicone containing silicon together 
with carbon, hydrogen, and oxygen. Silicone rubbers are widely used in the auto-
motive industry, and there are multiple formulations. Silicone rubbers are often 
one-  or two- part polymers, and may contain fillers to improve properties or reduce 
cost. Silicone rubber is generally nonreactive, stable, and resistant to extreme 
environments and temperatures, from −55 to 300 °C (−67 to 572 °F), while still 
maintaining its useful properties. Due to these properties and its ease of manufac-
turing and shaping, silicone rubber can be found in a wide variety of products, 
including: automotive applications, cooking, baking, electronics, and medical 
devices and implants. Silicone can be used as an automotive silicone sealant 
(Silicone- rubber 2020).

11.1.5.2  Silicone Resin
Silicone resins are a type of silicone material that are formed by branched, cage- 
like oligosiloxanes with the general formula of RnSiXmOy, where R is a nonreactive 
substituent, usually methyl or phenyl, and X is a functional group, e.g. hydrogen 
(H), hydroxyl group (OH), chlorine (Cl), or alkoxy (OR) (Silicone- resin 2020).

These groups are further condensed in many applications, to give highly 
crosslinked, insoluble polysiloxane networks.

When R is methyl, the four possible functional siloxane monomeric units are 
described as follows:

 ● “M” stands for Me3SiO
 ● “D” for Me2SiO2

 ● “T” for MeSiO3

 ● “Q” for SiO4

Note that a network of only Q groups becomes fused quartz.
Silicone resins represent a broad range of products. Materials of molecular 

weight in the range of 1000–10 000 are very useful in pressure- sensitive adhesives, 
silicone rubbers, coatings, and additives. Polysiloxane polymers with reactive side 
group functionality such as vinyl, acrylate, epoxy, mercaptan, or amine are used to 
create thermoset polymer composites, coatings, and adhesives.

Silicone resins are prepared by hydrolytic condensation of various silicone pre-
cursors. In early processes of preparation of silicone resins, sodium silicate and 
various chlorosilanes were used as starting materials. Although the starting 
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materials were the least expensive, structural control of the product was very dif-
ficult. Silicones can be used in automotive, marine, and vehicle applications. The 
silicone rubber adhesive sealants provide a durable, tight seal that stands up to 
rough conditions and high temperatures.

11.1.5.3  Chemistry
The chemical structure of silicones is shown in Figure  11.17. In some cases, 
organic side groups can be used to link two or more of these –Si–O– backbones 
together. By varying the –Si–O– chain lengths, side groups, and crosslinking, sili-
cones can be synthesized with a wide variety of properties and compositions. 
They can vary in consistency from liquid to gel to rubber to hard plastic. The most 
common siloxane is linear polydimethylsiloxane (PDMS), a silicone oil. The sec-
ond largest group of silicone materials is based on silicone resins, which are 
formed by branched and cage- like oligosiloxanes.

11.1.6  Dicyclopentadiene

Dicyclopentadiene, abbreviated DCPD, is a chemical compound with formula 
C10H12 (DCPD 2020). At room temperature, it is a clear, yellow color liquid with an 
acrid odor. It can be molded into fenders and vertical body panels. DCPD is pro-
duced with a steam cracking of naphtha and gas oils to ethylene. The major use is 
in resins, particularly unsaturated polyester resins. It is also used in inks, adhe-
sives, and paints. DCPD has a density of 0.978, which is lower than epoxy, polyes-
ter, and polyurethane. DOW Chemical produces DCPD in large volumes. It is 
highly reactive and can react with other thermoset polymers like epoxy, polyester, 
and polyurethane. It can use RIM, like polyurethanes, to make production parts.
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11.2  Aerospace Thermosets

Aerospace thermoset polymers are those that are used in aircraft. The thermoset 
polymers have additional property characteristics, which include the following:

 ● High tensile modulus and stiffness.
 ● High tensile and impact strength.
 ● High thermal properties.
 ● Low coefficient of linear thermal expansion (CLTE).
 ● High thermal properties as measured with HDT.

These structural, mechanical, and thermal properties can be achieved with 
advanced polymers, e.g. epoxy, polyamines, polyimides, amino plastics, bisma-
leimide (BMI), polybenzimidazoles, phenolics, cyanurate esters, polyether ether 
ketone (PEEK), polyether ketone (PEK), liquid crystal polymer (LCP), and others. 
They are typically reinforced with carbon fiber at high volume concentrations of 
fiber, e.g. 60 volume percentage.

Structural thermosets are distinguished from standard thermosets by their use 
of more specialized resins and higher levels of reinforcement of carbon fibers and 
aramid fibers. The added reinforcement increases strength and stiffness, while 
resins protect the fibers and improve the compound’s overall physical properties.

The epoxy thermoset resin is molded with vacuum- assisted processes like 
SCRIMP, VARTM, and others. SCRIMP refers to the Seeman Composites resin 
infusion molding process where liquid epoxy flows through tubes of plastic to 
impregnate the carbon fiber mat (SCRIMP  2021). VARTM refers to vacuum- 
assisted RTM where a vacuum is used to facilitate resin flow into a fiber layup 
contained within a mold tool covered by a vacuum bag. These will be discussed in 
more detail in the chapter on polymer composites. After the impregnation occurs, 
the composite part is allowed to cure at room temperature or elevated temperature 
in an autoclave (Wikipedia VARTM 2021).

Key to the molding of composites with epoxy resin is the proper viscosity of the 
epoxy resin. The epoxy resin viscosity is temperature dependent. The resin needs 
to flow into the carbon fiber mat and completely wet- out the fiber before curing. 
When the polymer is heated the liquid polymer material forms 3- D covalent bonds 
between polymer molecules during the crosslinking process. The crosslinked 
materials cannot be melted and reshaped or recycled.

Three of the most common thermoset resins are polyester, vinyl ester, and 
epoxy. Polyester and vinyl ester are used in automotive components but not usu-
ally in aerospace components. Epoxy is best used in aerospace applications that 
require high strength, high stiffness, and high thermal properties.

Epoxy was better described in the automotive section of this chapter and will 
not be repeated here.
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11.2.1 Polyimides

Polyimides can also be used in aerospace applications. Polyimide is a polymer of 
imide monomers (Polyimides 2020). Polyimides can be thermoset or thermoplas-
tic resins. They have high thermal properties and can be used as fuel cells, dis-
plays, and in other electrical devices. They are more expensive than epoxies and 
polyesters. They can be used with glass fiber to make a polyimide composite. They 
offer excellent mechanical properties and can be used in automotive plastics, 
films, laminating resins, insulation coatings, and high- temperature structural 
adhesives. The chemical structure is provided in Figure 11.18.

The most common form of polyimides is PMR- 15. The polymerization of mono-
mer reaction creates a 1500 formulated molecular weight. The polymer is made 
into prepreg and compression molded at 600 °F (316 °C) for several minutes. It can 
be molded with sintering from powder. Polyimides have high thermal and 
mechanical properties and low friction with excellent chemical resistance. It has 
continuous service temperature of 550–600 °F (288–316 °C), which is higher than 
epoxy- based composites.

BMI is a common polyimide with excellent thermal properties and easier pro-
cessing conditions. Composite parts can be made with RTM or resin infiltration, 
vacuum bagging, or other hand- layup methods. The chemical structure is shown 
in Figure 11.19.
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Figure 11.18  Chemical structure of polyimide. Source: Polyimides chemical (2020).
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Figure 11.19  Chemical structure of BMI polyimide. Source: Iredale et al. (2017).
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The chemical structure is a combination of two (bis)maleic groups with four 
carbons with C=C bonds.

Crosslinking occurs at C=C bonds. Crosslinking is achieved through exposure 
to heat. The low- molecular- weight polymer has high crosslinking density. The 
polymer composite is brittle but has high thermal properties with a glass transi-
tion temperature, Tg, greater than 300 °C. It can be used in wings, fuselage, and 
understructure on jets. It can also be used in flap hinge fairing, tail boom, and 
engine exhaust parts for airplanes and helicopters.

Polyimides are also used in aerospace applications. Polyimides can be either 
thermoplastic or thermoset polymers that are produced with carbon fiber rein-
forcements. Properties of polyimides show excellent thermal values (Iredale 
et al. 2017).

The thermoset polyimides are end- capped polyimides and BMI. The molecular 
structure is shown in Chapter 11 – Thermosets. The chemical structure includes 
four carbon plus nitrogen ring structure group in polymer backbone. The hetero-
cycle group contains more than one type of atoms that are linked with aromatic 
group to form aromatic heterocycle molecule. It creates a very stiff molecule and 
is thermally stable due to structure.

BMI can be reinforced with glass fiber to create an excellent polymer composite. 
The density is 1.27 g/cc. The Tg is greater than 316 °C. The moisture absorption is 
4.3%. The CLTE is 4.9 × 10−6 cm/cm/°C. The mechanical properties of the com-
posite are shown in Figure 11.20.

The mechanical properties are listed in Table 11.4.
Polyimides have high thermal properties, high density, and high moisture 

absorption. The density and moisture absorption are higher than epoxy, polyester, 
and polyethylene. The thermal properties are higher than epoxy, polyester, and 
polyethylene.

RT 350 °F (177 °C) 450 °F(232 °C)
350 °F(W)*
(177 °C)

450 °F(W)*
(232 °C)

Tension [warp]
Strength, ksi (MPa)
Modulus, msi (GPa)
Compression [warp]
Strength, ksi (MPa)
Modulus, msi (MPa)
Short Beam Shear
Strength, ksi (MPa)
Flexure [warp]
Strength, ksi (MPa)
Modulus, msi (GPa)

(w)*–Wet condition–96 hours in boiling H2O

60.70 (418.5)
4.28 (29.5)

69.70 (480.6)
4.56 (31.4)

7.70 (53.1)

92.50 (637.8)
4.51 (31.1)

49.60 (342.0)
3.70 (25.5)

56.90 (392.3)
4.06 (28.0)

7.75 (53.4)

78.60 (541.9)
4.09 (28.2)

51.60 (355.8)
3.35 (23.1)

56.90 (392.3)
4.07 (28.1)

5.71 (39.4)

78.50 (541.2)
3.95 (27.8)

–
–

32.50 (224.1)
3.61 (24.9)

2.31 (15.9)

46.30 (319.2)
3.60 (24.8)

–
–

25.40 (175.1)
3.35 (23.1)

2.06 (14.2)

31.90 (219.9)
3.26 (22.5)

Figure 11.20  Mechanical properties of glass- reinforced HexPly F650 BMI. Source: 
HexPLY (2020).
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11.2.2 Amino Plastics

Amino resins can be made from urea and melamine formaldehyde resins. They 
are usually made by a batch process. The resins have low toxicity. Melamine resin 
or melamine formaldehyde (also shortened to melamine) is a resin with mela-
mine rings terminated with multiple hydroxyl groups derived from formaldehyde. 
This thermosetting plastic material is made from melamine and formaldehyde. It 
can be used to crosslink with alkyd, epoxy, acrylic, and polyester resins, and is 
used in surface coatings (Melamine 2020). It can be used with polyester as a ther-
mosetting resin for a composite material that uses glass fibers. Melamine formal-
dehyde can be used as counter tops for kitchens under the name of Formica®.

The chemical structure is shown in Figure 11.21. The properties are similar to 
polyester resin.
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Figure 11.21  Chemical structure of 
melamine. Source: Melamine (2020).

Table 11.4  Properties of thermoset polyimide.

Property Value

CLTE, × 10−6/°C 55

Shrinkage, % 0.2–1.2

Water absorption after 24 h, % 1.36

Density, g/cc 1.31–1.43

Tg, °C 250–240

HDT (1.8 MPa), °C 240–360

Maximum service temperature, °C 260–360

Abbreviations: CLTE; HDT, heat distortion temperature.
Source: Data from Iredale et al. (2017).
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In the case of thermosetting maleimides, they were first polymerized using 
1,1- di(tert- amyl peroxy)cyclohexane (Khosravi, Ezat, and Osama M. Musa) with a 
process that led to the formation of thermosetting material with acetal ester 
 linkages. Analysis was later done with the help of a hot- stage Fourier transform 
infrared spectroscopy (FTIR), gas chromatography-mass spectroscopy (GC- MS), 
thermogravimetric analysis (TGA), and differential scanning chromatography 
(DSC). On the other hand, preparation of the thermosetting ring opening 
 metathesis polymerization (ROMP) material involved synthesis from two mono-
mers, i.e.  mono-  and di- functional norbornene dicarboximide monomers. 
Apparently, these two contain the acetal ester groups, as shown in Figure 11.22.

The reaction resulted in the formation of N- caproic acid- exo- norbornene dicar-
boximide. This was later reacted with both 1,4- butanediol divinyl ether and butyl 
vinyl ether to form both mono-  and di- functional monomers shown in Figure 11.23. 
The presence of acetal C–O bonds was confirmed using elemental analysis and 
nuclear magnetic resonance (NMR) spectroscopy.

Maleimide- based thermosetting materials that are extensively used in packag-
ing of electronics exhibited almost similar behaviors once subjected to the test. 
Upon analysis by GC- MS, TGA, and hot- stage FTIR, degradation was found as 
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rapid at over 225 °C. When this thermosetting material was introduced into an 
adhesive, adhesion was improved. This is because of the adhesively merged sub-
strates (González et al. 2007).

Additionally, the same material is said to have undergone a 10% loss in weight 
at a temperature of 242 °C. Figure 11.24 illustrates this.

Figure  11.24 shows that the thermosetting compound weight loss is 5% at 
300 °C. Data captured from the hot- stage FTIR indicated that the intensity of the 
C–O peak reduced significantly. The article associates this to network breakdown 
due to degradation of linkages of acetal ester at temperature of about 250 °C. In 
the case of thermosetting ROMP materials, the structure of the thermosetting 
material investigated is as shown in Figure 11.25.

The results indicate that the stability of the material was good until the tem-
peratures of about 150 °C. However, increase in temperature by three steps of 
50 °C each led to weight losses of 14, 30, and 45%, respectively.
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ROMP thermosetting materials have only partial thermal decomposition 
 occurring within acetal ester groups. This leads to conversion of these 
 thermosetting materials to thermoplastic material. This property of the ROMP 
thermosetting materials makes them recyclable.

11.3   Bio- Based Thermoset Polymers

Many polymers can be produced from bio- based sources. Corn products can be 
used for the alcohol portion of the reacting chemicals to form bio- based thermoset 
polymers. These polymers include the following:

 ● Bio- based polyesters
 – Alcohol (bio- based) + acids

 ● Bio- based epoxies
 – Bisphenol A + amines

 ● Bio- based polyurethanes
 – Alcohol (bio- based) + di- isocyanates

 ● Bio- based nylons
 – Amine

11.3.1  Bio- Based Polyesters

Bio- based polyesters can be produced with 100% organic sources. Polyesters are a 
chemical reaction between an alcohol and an acid. Both can be made from corn or 
from other natural products. Alcohol can be bio- based and made from corn. The 
bio- succinic acids can be made from bio- based sources. These bio- based polyesters 
can be made with renewable content up to 100% based on choice of diol. The per-
formance is comparable to adipic polyols. The price is competitive with adipic 
polyols. They can be made with a smaller carbon footprint. GC Innovation America 
Company can produce bio- based polyesters (Bio- based polyester 2021). An excel-
lent book on bio- based polymers discusses thermoplastics and thermoset polymers 
that can be produced from corn, sugar cane, and other organic sources (Voet, 
Vicent, Jager, Jan, and Folkersma, Rudy, Plastics in the Circular Economy, Bio- 
based polyester. https://www.ieabioenergy.com/wp- content/uploads/2020/02/
Bio- based- chemicals- a- 2020- update- final- 200213.pdf April 2021).

Polyesters are mostly used in laminating resins, molding compositions, films, 
surface coatings, rubbers, fibers, plasticizers, composites, etc. Polyesters can be 
prepared by different methods such as through a polycondensation reaction of 
diacid, hydroxyacid, or anhydride and a secondary alcohol, or via a lactone ring 
opening polymerization. Bio- based polyesters can be made for drug release and 
tissue engineering (Naiwen et al. 2013).

https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
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Figure 11.26  Chemical formula to produce bio- based ethylene glycol (bio- EG) and 
bio- based purified terephthalic acid (bio- PTA). Source: Siracusa and Blanco (2020).

In addition, several other thermoplastic polyesters are prepared by bio- based 
diols and carboxylic acids, such as poly(ethylene terephthalate [PET]) (Siracusa 
and Blanco 2020). Bio- based PET can be produced from bio- based feedstocks. The 
bio- based PET can be produced from bio- based diol, while the diacid or di- ester 
can be produced from bio- based succinic or adipic acid. The chemical formulation 
is provided in Figure 11.26.

The aliphatic monomer bio- based ethylene glycol can be synthesized from the 
hydrolysis of ethylene oxide, obtained via the oxidization of bio- ethylene obtained 
from the fermentation of glucose, followed by dehydration. The percentage of bio- 
based monomers can be varied, according to the chemistry, to obtain a partial 
bio- based polymer. In 2015, the Coca- Cola Company introduced a 100% bio- based 
beverage bottle, named “PlantBottleTM,” made of 100% bio- based ethylene glycol 
(EG) and terephthalic acid (Coca- cola 2021). PlantBottle product maintains the 
high- quality bottle with the added benefit of being made from renewable materi-
als. The PlantBottle can be used for a variety of packaging sizes and across water, 
sparkling, juice, and tea beverage brands. Cocoa- Cola utilizes sugarcane to create 
PlantBottle products.

The bio- based polyesters can be used in shoe soles, belts, hoses, paints, adhe-
sives, coatings, wheels, electronics, and foams.

11.3.2  Bio- Based Epoxies

Bio- based epoxies can be produced from unsaturated vegetable oils, saccharides, 
tannins, cardanols, terpenes, rosins, and lignin. Bio- based epoxies can be cured 
with a hardener. One company has produced bio- based epoxies with lower envi-
ronmental impacts, such as lower carbon footprint. (Bio- based epoxies. April 2021). 



11.3 too-pseed Thermoset Polymers 307

The bio- based epoxy is combined with a hardener to create an excellent thermoset 
polymer. The mechanical properties of the bio- based epoxy should be very similar 
to the petroleum- based epoxy. A bio- based epoxy adhesive was made that pro-
duced excellent lap- shear strengths (Patel et  al.  2019). The lap- shear strengths 
exceeded 20 MPa. The bio- based adhesive used a bio- based (bis- (furfurylamine) 
curing agent. The epoxy exhibited stable crack growth and excellent fracture 
behavior. It also demonstrated excellent adhesive strength. They used a bio- based 
epoxy formulation and a bio- based curing agent as described in Figure 11.27.

Bio- based epoxies can be produced by Entropy ECO- resin. It consists of 
poly(propylene glycol) bis(2- aminopropyl ether) (D230) and methyl hexahy-
drophthalic anhydride (MHHPA). Figure 11.28 shows the production process for 
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the Entropy ECO- resin. The eco- friendly resin is the Super- Sap Clear Laminating 
Resin/Clear Laminating System epoxy system produced by Entropy resins Inc. 
The eco- epoxy/flax system provided excellent mechanical properties with equiva-
lent properties as the conventional polyester/glass composite material. The new 
material uses sustainable polymer and natural fibers with lower carbon footprint 
than conventional petroleum- based epoxy polymers.

The Entropy resins can be made with 50–100% bio- based materials. The bio- 
based materials can obtain up to 5% reduction in greenhouse gas emissions. The 
green chemistry eliminates harmful by- products and no bisphenol A. They also 
can be made with reduced power requirements and water consumption.

Figure  11.29 provides the typical working properties of the SuperSapTM 
 hardener system.

11.3.3  Bio- Based Polyurethanes

Bio- based polyurethanes can be produced for paints and surface coatings. Bio- 
based polyurethanes can be prepared by two different processes. The first is a pre-
polymer process and the second is a one- shot process. In both cases, polyurethanes 
are formed by a rearrangement reaction, which is not with the usual condensation 
polymerization. In the one- shot process, all of the components including di/pol-
yol and di- isocyanate are reacted together at the desired ratio at 70–110 °C. The 
reactivity depends on the catalyst. Urethane oils can be made with vegetable oils, 
that react first with alcohol or glycerol, and then by reaction with the di- 
isocyanates. In the two- step method, polyols are reacted with the di- isocyanate at 
a ratio of 1:1 of iso:polyol. In the second step, this polyurethane prepolymer is 
reacted with a chain extender or di- isocyanate to obtain the desired ratio of reac-
tants in the final polyurethane.

A large number of vegetable oil derivatives based on castor, soybean, sunflower, 
olive, peanut, canola, corn, and safflower oils, among others, are used as naturally 
obtained bioresources to produce a wide variety of bio- based polyurethanes with 
different structures and chemical compositions (Karak  2016). Low- molecular- 
weight polyurethane is obtained by the reaction of soybean oil polyol, a product of 
methanolysis of epoxidized oil with TDI at 50 °C. Both poly(urethane ester) and 
poly(urethane amide) resins are produced from seed oil derivatives, such as 
monoglyceride and fatty amide diol, respectively, by the reaction with TDI in the 
presence of polyethylene glycol as a chain extender and dibutyltin dilaurate as the 
catalyst using a one- shot process (Deka et al. 2010).

Bio- based polyurethane is also prepared by reaction of castor and linseed oils 
using lipase as the catalyst and TDI (Athawale and Joshi 2004). Polyurethane res-
ins were produced from castor oil and different types of aromatic and aliphatic 
isocyanates. The reaction of castor oil and linseed oil was carried out at near 
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Typical Working Properties using compatible
Super Sap® Hardener Systems

Typical Performance Properties4
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Volume

System Bio-Content
by Mass3
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Figure 11.29  SuperSapTM hardener system. Source: SuperSap. https://entropyresins.
com/ (2021).
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ambient temperature using lipase as a catalyst. The materials were reacted with 
isocyanates to form polyurethane resins. The different chemicals resulted in sig-
nificant differences in the hardness, adhesion, flexibility, impact resistance, and 
chemical resistance.

Several US companies are active in the development of soybean oil- based pol-
yurethanes, including Cargill, Bio- based Technologies, Urethane Soy Systems, 
and DOW Chemical. DOW Chemical produces bio- based polyurethanes (DOW- 
polyurethane 2021). DOW refers to the new technology as RENUVA™ Renewable 
Resource Technology. RENUVA technology is used to produce bio- based polyols 
with high renewable content in the finished product with excellent performance 
and providing lower environmental impacts than petroleum- based polyure-
thanes. According to car manufacturer Ford Motors, all of its vehicles built in 
North America now use soy oil- based foams in the seat cushions, backs, and 
head restraints.

Ford first used soy oil- derived seating foam in its 2008 Mustang, in collabora-
tion with automotive management systems supplier Lear Corporation. With the 
soy oil- based foams, Ford said it has helped reduce its annual petroleum oil usage 
by more than three million lbs (Ford Soy. http://www.scribd.com/doc/106613407/
Bio- based- polyurethane#scribd April 2021).

According to industry analysts, soybean oil- based polyols can offer between 40 
and 100% bio- based content, resulting in soy oil- based polyurethane (PU) that can 
have bio- based content of 30–100%, allowing for the PU to have a bio- based con-
tent between 22 and 70%, according to industry analysts. Last year, German chem-
ical firm BASF teamed up with Ford to develop the automotive industry’s first 
castor oil- based foam for the 2012 Ford Focus instrument panel. The PU foam is 
said to contain more than 10% bio- based content. Over time, Ford says it plans to 
incorporate castor oil- based foam solutions across more products in its global 
portfolio.

BASF Polyurethane Systems has been producing bio- based PUs for about a year 
now and bio- based thermoplastic polyurethane (TPU) elastomers for six months; 
TPUs have bio- based content ranging between 4 and 40% depending on the grade.

Bio- based polyurethanes are sustainable with lower carbon footprint than 
petroleum- based polyurethane, as shown in Figure 11.30.

11.3.4  Bio- Based Nylon- 6

Nylon can also be made with natural bio- based materials. Every year, the world 
makes 5 million tons of nylon- 6, which results in an estimated 60 million tons 
of greenhouse gas emissions. Producing nylon creates nitrous oxide, a green-
house gas that is 300 times more potent than carbon dioxide. Manufacturing 
nylon also requires large amounts of water and energy, further contributing to 

http://www.scribd.com/doc/106613407/Bio-based-polyurethane#scribd
http://www.scribd.com/doc/106613407/Bio-based-polyurethane#scribd
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environmental degradation and global warming (Bio- based nylon  2021). 
Caprolactam can be produced from plant sugars to create nylon. Genomatica 
Company engineered a microorganism and production process that ferments 
the sugars found in plants to make the chemical intermediate for nylon- 6. The 
chemical is then converted into nylon- 6 polymer chips and yarn by Aquafil in 
Slovenia (Genomatica 2021). The properties of bio- based nylon are similar to 
petroleum- based nylon- 6. Recently, researchers found that 2% loading of carbon 
fiber increased the tensile modulus, flexural modulus, and creep recovery of 
bio- based nylon- 11 (Magniez et al. 2014). The nylon- 11 was made with Rilsan 
BESNO TL, an injection molding grade of nylon- 11 that was produced by 
Arkema. It has a melting point of 189 °C, a glass transition of approximately 
55 °C, and a density of 1.02 g/cm3. It is made from greater than 98% renewable 
materials. The data sheet is provided in Figure 11.31 and the tensile properties 
are provided in Figure 11.32.

11.4   Conclusions

Thermoset polymers can be very sustainable if made from bio- based sources, like 
agricultural waste. Thermoset epoxies, polyurethanes, nylons, and polyesters can 
be made with organic sources. Thermosets have high mechanical properties and 
lower density than aluminum and steel. When combined with glass or carbon 
fiber, they can replace aluminum and steel in automotive, industrial, home, and 
aerospace applications.

Reduced Carbon Footprint

Greenhouse gas reduction:
∙ 94% compared to Petro-based Succinic Acid
∙ 93% compared to Petro-based Adipic Acid
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Figure 11.31  Data sheet for bio- based nylon 11. Source: Properties of bio- based 
nylon (2021).
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Polymer composites are polymer materials with a reinforcement, wherein the 
polymer acts a matrix resin that penetrates the reinforcement bundles and bonds 
to the reinforcement. The polymer composite can have thermoplastic or heat- 
forming polymers or thermoset polymers binding the glass, carbon, nanocompos-
ite, Kevlar, or other reinforcement. The polymer composite materials can be 
categorized into two areas: one for automotive and one for aerospace. The two 
different areas typically have different polymer matrix resins and different rein-
forcements. The automotive composites are described in greater detail in the fol-
lowing section.

12.1  Automotive Polymer Composites

The polymer composite for automotive are thermoset- reacting polymers or ther-
moplastics that combine with typically glass fibers and are made with the follow-
ing characteristics:

1) Cycle times less than two minutes.
2) Service use temperatures of 60–70 °C. (140–158 °F).
3) Low- cost glass fiber and resin materials around $1 per pound.
4) Glass fiber loadings usually between 10 and 50% by weight.
5) Mild chemical resistance.
6) Usually painted if used as a body panel.
7) Usually a large molded part of a door, fender, hood, door, or bumper beam.
8) Good mechanical properties.
9) Good thermal properties.

12

Polymer Composites
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The following sections discuss the chemistry, polymerization methods, properties, 
products, and characteristics of automotive polymer composites. The polymer 
composites for automotive can be split into two areas based on the type of polymer 
resin that is used, either thermoset or thermoplastic polymers. The fibers can be 
also broken into two areas: continuous and discontinuous fibers. Automotive 
composites usually use discontinuous glass fibers. Aerospace composites usually 
use continuous carbon fiber.

12.2  Thermoset Polymer Composites

Polyester polymer resin is the most common polymer composite in the automo-
tive industry. Polyester is the resin used in the most common composite material 
in the automotive industry, namely, sheet molding compounds (SMC). SMC is a 
polyester paste material made up of equal amounts of polyester resin, glass fibers, 
and calcium carbonate. The glass fibers are typically greater than 1 inch in length 
and are about 33% by weight of the polymer composite. The thick liquid paste 
material is blended on an SMC machine shown in Figure 12.1.

With the SMC machine, the polyester resin is combined with glass fibers and cal-
cium carbonate, and then placed on a polyethylene sheet that is sent through rollers 
for compaction. The compacted sheet is wound up onto a roll. During the process, 
styrene is a significant part of the polyester resin. Also, curing agents, inhibitors, and 
catalysts are added to the polyester resin. During the compaction, the polyester resin 
reacts with itself to form a larger molecular weight of polyester resin. It can take up 
to 30 days for the molecular weight to grow large enough to achieve high tensile 
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Figure 12.1  SMC machine components. Source: SMC (2020).
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strength and tensile modulus. The rolls are usually placed in a cold environment to 
prevent the crosslinking of the polyester with the styrene. After about a month, the 
SMC is removed from the freezer and the SMC is cut into charges and then placed in 
a hot mold for curing. The SMC material can be compression molded in a hot mold 
to make hoods, doors, fenders, and roofs for automotive cars and trucks. SMC was 
formulated with a recipe that has minimal fiber read- through and can be used for 
exterior panels for the automotive industry when painted. SMC can be used with 
33% glass fibers for the outer panel of a hood or door. SMC can be used with 50% 
glass loadings for the inner door panel. The outer door or hood panel has lower glass 
fibers so that it can be painted. The SMC crosslinks with the styrene resin in the hot 
mold. The cycle time for SMC is usually less than two minutes for a large molded 
part like a hood, bumper, roof, or door panel.

Polyester resin can also be combined with glass fibers and mineral fillers to cre-
ate a bulk molding compound or BMC. The BMC is suitable for either compres-
sion or injection molding. Injection molding of BMC is used to produce complex 
components such as electrical equipment, car components, housings for electrical 
appliances and tools, in large industrial volumes.

Unlike SMC, the BMC does not have a month- long maturation step. 
Consequently, the BMC can contain higher filler contents of calcium carbonate or 
other fillers. The chopped glass strands can vary in length of ½ inch to 1 inch and 
at a reinforcement level between 15 and 25%. BMC uses a lower reinforcement 
content than SMC and has lower costs.

Other polyester resins can be combined with glass fiber preforms to make a 
polyester composite for hoods in automotive applications. The glass preform is 
first formed to the shape of the large part like a hood with a die and then the resin 
is added to it to make the polymer composite. The glass fibers can be heated and 
then thermoformed to the shape of the hood and then placed in a two- sided 
molded. The polyester resin is pumped with a meter into the glass preform in a 
process called resin transfer molding (RTM). RTM will be discussed in more detail 
in the later sections of this chapter.

 ● Other thermoset polymer composites can be made with polyurethane, vinyl ester, 
or epoxy resins. The glass preform is usually used rather than the discontinuous 
glass fibers as in SMC and BMC. The glass mat is usually preformed into a shape 
with a preforming metal tool that creates a glass fiber preform with near net shape 
of the molded part. The glass preform is shaped and placed into the molding tool 
where the thermoset polymer is added to the glass in a reaction injection molding 
(RIM) process to form the composite part. The RIM process was described in 
Chapter 13. Or, an RTM process can be used to meter the polyester, vinyl ester, 
polyurethane, or epoxy into a mold that has the shape of the large part. The RTM 
process is shown in Figure 12.2. The cycle times for RTM parts are usually five to 
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ten minutes due to the pumping of the resin through the glass preform. The resin 
is usually added to a catalyst to cure the polyester composite part. An excellent 
reference for the RIM process is provided. (Macosko 2000).

12.2.1 Thermoplastic Polymer Composites

Thermoplastic polymer composites can be made from glass fibers and thermo-
plastic resins. The most common plastics are polypropylene (PP) and nylon. The 
glass fibers can be short length glass fibers of 1/8 inch for the injection molding 
process or large length glass fibers of one inch for compression molding of PP. The 
injection molding process is described in later chapters of this book but involves a 
screw heater that melts the plastic and an injection unit and press that injects the 
liquid into the mold. The injection molded parts are usually small parts that can 
be made. The nylon plastic can have glass fibers in it (up to 33%) and molded into 
automotive headers or engine parts. Glass- filled nylons need larger diameter run-
ners and thicker part walls by as much as 50% thicker than unfilled nylon parts. 
The design book published several years ago by Monsanto (now Dow Solutia) 
contained a flow ratio chart. It indicated that when you divide the wall thickness 
into the flow length, you will come up with a flow ratio number that can be used 
to determine the number of gates you will need on a given part and where the gate 
or gates might be located.

The flow ratio of unfilled nylon is 220 vs. 120 for filled nylon. You can see that 
working with filled nylon is like working with many of the stiffer flowing materi-
als we commonly mold today.
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Figure 12.2  Resin transfer molding process. Source: RTM (2020).
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This part is short enough and the wall thickness is generous enough to allow the 
part to be filled and packed from one gate location. But we still have thick to thin 
transitions to be concerned about, and this part is gated into a thin section, which 
is causing some, but not all, of the trouble. To compensate for the design short-
comings, the molding technicians have raised the barrel melt temperatures, 
resulting in longer cycle times.

Glass- filled nylon can be used as valve covers on many cars and trucks as shown 
in Figure 12.3.

The glass- filled valve cover offers several performance characteristics that cre-
ate greater rigidity, along with tighter tolerances, than parts made from metal. 
That allows engineers to reduce a number of metal parts in the valve cover to a 
single structural part molded out of glass- filled nylon. Snap- fits, bosses, ribs, and 
other features, such as brackets and attachment points, can be molded in to elimi-
nate assembly steps, reduce weight, and reduce part count.

Polypropylene can also be injection molded with short length fibers of 1/8 inch 
or long glass fivers of ¼ inch. The PP parts can be used for many automotive parts 
and have glass loadings up to 40%. The injection molding process is fast with low 
cycle times. A typical injection molded PP part with glass fibers is shown in 
Figure 12.4.

Figure 12.3  Injection molded valve cover with 33% glass and 66% nylon plastic.

Figure 12.4  Injection molded valve cover with 40% glass and 60% PP plastic. Source: 
PP valve cover (2020).
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The properties of injection- molded glass- reinforced parts are listed in Table 12.1. 
Glass fibers increase the tensile strength of nylon four times and the tensile modu-
lus three times versus neat nylon. Glass fibers increase the tensile strength of PP 
three times and the tensile modulus two times versus neat PP. Glass fibers increase 
the tensile strength of PEEK 2.5 times and the tensile modulus 1.25 times versus 
neat PEEK.

Glass- filled polypropylene can be used for a valve cover as shown in Figure 12.4. 
The PP valve cover will not have the thermal stability of the glass- filled nylon 
valve cover. Figure 12.4 shows a glass mat thermoplastic (GMT) part with 40% 
glass fiber and 60% PP.

Polypropylene can also have longer 1  inch glass fibers at loadings up to 50% 
with glass mat thermoplastic (GMT) parts. The PP glass- filled material can be 
compression molded into large parts like door inners and bumper beams. The 
process can have up to two- minute cycle times. The PP is usually heated with an 
infrared oven and then placed into a compression mold. The press closes the mold 
and the compression molded part is usually made with a two- minute cycle time. 
The compression molder can be as low as 200 tons and as high as 2000 tons of 
pressure.

GMT PP can also be used for bumper beams for automotive applications. The 
GMT process can include a hot PP plastic that is placed on a cold mold and molded 
into a part. The glass- filled PP is usually provided as a sheet with a thickness of 
approximately 3 mm. The plastic is cut into strips and then placed in a heater, like 
an infrared heater, on a conveyer belt. When the cut strips swell, they can be 
placed in the mold and then compressed in a compression press. The parts are 
molded with a compression molder usually. An example of a compression mold-
ing press is shown in Figure 12.5.

Table 12.1  Properties of glass filled plastics.

Material
Nylon 
neat

Nylon 33% 
short glass 
fibers

PP 
neat

PP 32% short 
glass fibers

PP 50% long 
glass fibers

PEEK 
neat

PEEK 33% 
carbon 
fibers

Specific 
gravity

1.3 1.4 0.9 1.14 1.35 1.35 1.42

Tensile 
strength, 
MPa

2 8 (4X) 1.2 4 (3X) 11 (8X) 4 10 (2.5X)

Tensile 
modulus, 
GPa

50 150 (3X) 35 80 (2X) 130 (4X) 120 150 (1.25X
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12.2.2 Kevlar Composites

Polymer composites can use Kevlar as a reinforcement instead of glass or carbon 
fiber. The aromatic nylon fiber, Kevlar, can be combined with polyamides (nylon), 
polyesters, epoxies, polypropylene, or PEEK. The plastics can be combined with 
the Kevlar and then compression molded into a plastic part. The chemistry to 
make Kevlar is shown in Figure  12.6. Kevlar is produced with a reaction of 
1,4- phenylene- diamine (para- phenylenediamine) and terephthaloyl chloride in 
a condensation reaction yielding hydrochloric acid as a byproduct and 
1,4- phenylene- diamine (para- phenylenediamine) (Kevlar).

Figure 12.5  Compression molding machine. Source: Compression press (2020).
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Figure 12.6  Kevlar chemistry.
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The properties of Kevlar depend upon the Kevlar type, as shown in Table 12.2.
Kevlar 149 has the highest tensile modulus. Kevlar 49 has the highest tensile 

strength. Kevlar 29 has the largest tensile elongation.

12.3  Nanocomposite

Nanocomposite is a multiphase solid material where the reinforcement from clay 
has one, two, or three dimensions of less than 100 nanometers (nm). For plastics, 
the nanocomposites are made from Montmorillonite clay. The size of clay is on 
pico (10−9) meter scale, which causes swelling due to exfoliation in the plastic and 
results in increased strength and stiffness at concentration less than with glass 
fibers. Nanocomposites are added in concentrations of 2–10%, typically. Glass and 
mineral fibers are usually added in concentrations of 10–40%. An example of a 
nanocomposite is shown in Figure 12.7.

Nanocomposites provide high strength and stiffness at lower concentrations 
than glass fiber. They can be used for many automotive parts including engine 
covers, timing belt covers, and body trim pieces. The nanocomposites typically are 
0.5 micron in size. The nanoparticle is very small in diameter and can be 50 000 
times smaller than the plastic component. The properties of a nanocomposite par-
ticle with nylon is shown in Table 12.3.

12.4   Fiber Materials for Composites

For automotive parts and aerospace parts, many composites use a continuous 
fiber reinforcement as a mat structure rather than discontinuous short fibers for 
injection molding. The following section describes the glass mats that are used for 
automotive applications.

Polymer composites can have a fiber preform of glass or carbon to mold with 
the polymer resin to form a polymer composite part in a die. The fiber preform is 

Table 12.2  Kevlar properties.

Grade
Density  
(g/cm3)

Tensile  
modulus (GPa)

Tensile  
strength (GPa)

Tensile  
elongation (%)

29 1.44 83 2.92 3.5

49 1.44 124 3.45 2.9

149 1.47 179 3.60 1.5

Source: Hallad and Banapurmath (2018).
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a continuous type usually in the shape of a mat form. The fiber mat can be made 
from a chopped glass that has isotropic properties.

The properties of common fibers are shown in Table 12.4.
The fiber composite must have a resin component and a fiber component. The 

fibers must be preformed into a shape that resembles the final product. For 
bumper beams using glass mat and a urethane from the RIM process, the e- glass 
fiber mat, like a twill, must be heated and then formed into a bumper shape. The 
preform is subsequently placed in the mold and then the urethane resin is injected 
onto the glass preform. The process is called structural RIM or SRIM.

The continuous mat can have several constructions that are used in the apparel 
industry. The glass fiber, carbon fiber, or Kevlar fiber can be woven from the spool 
of fiber into a fabric of many configurations, including twill, woven, satin, knit, 

Polymer

Conventional
Composite

Intercalated
Nanocomposite

Exfoliated
Nanocomposite

Layered Clay

+

Figure 12.7  Nanocomposite example. Source: Gacitua et al. (2005).

Table 12.3  Mechanical properties in- reactor polymerization.

Material
Nanomer 
I.24T% (wt/wt)

FlexStr 
(Mpa)

FlexMod 
(Mpa)

TenStr 
(Mpa)

TenMod 
(Mpa)

HDT@ 
264psi

Nylon 6(control) 0 107 2885 72 1821 55

Nanocomposite 2.5 144 3644 91 2372 112

Source: Han et al. (2017).
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biaxial weave, and so on. The type of fiber pattern depends on the amount of fib-
ers made in the weft (perpendicular) or fill (parallel) directions of the fabric. 
Common amounts are 50–50%, 60–40%, and 80–20% in the fill and warp direc-
tions. More fiber in the fill direction can lead to a unidirectional fiber. The orienta-
tion of the fibers can affect the mechanical properties of the polymer composite in 
the parallel and perpendicular directions.

The fiber yarn manufacturing process is the first step in the preform construc-
tion. The glass fiber is initially made by melting glass spheres in a furnace at ele-
vated temperatures. Figure 12.8 illustrates the process of glass fiber manufacturing 
where the glass marbles are melted down and drawn into a fiber with an extrusion 
process. The melted glass is drawn out of the bottom of the furnace and pulled 
through dies and cooled into a glass strand. The most common glass types are in 
three versions: “E” glass for electrical glass, “S” glass for high- strength glass, and 
“C” glass for chemical- resistant glass. The most common types of glass fiber used 

Table 12.4  Tensile properties of fibers.

Property Glass, E Carbon Aramid (Kevlar 49)

Tensile strength, ksi (MPa) 450 (3100) 500 (3450) 535 (3600)

Tensile modulus, Mpsi (GPa) 11.0 (76) 33 (228) 19 (131)

Elongation at break (%) 4.5 1.6 2.8

Density, g/cc 2.54 1.8 1.44

Source: Fibers (2020).

Contemporary Float Glass
Manufacturing Process

Batch Plant Furnace Float Bath Pyrolitic Coatings The Annealing Lehr Cutting Line Stacking & Transport

1 2 3 4 5 6 7

Figure 12.8  Glass manufacturing process. Source: Glass (2020).
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in fiberglass is E- glass, which is alumino- borosilicate glass that is used for 
glass- reinforced plastics. Other types of glass used are A- glass (Alkali- lime glass 
with little or no boron oxide), E- CR- glass (Electrical/Chemical Resistance; alumino- 
lime silicate with less than 1% w/w alkali oxides, with high acid resistance), C- glass 
(alkali- lime glass with high boron oxide content, used for glass staple fibers and 
insulation), D- glass (borosilicate glass, named for its low dielectric constant), 
R- glass (alumino silicate glass without MgO and CaO with high mechanical require-
ments as reinforcement), and S- glass (alumino silicate glass without CaO but with 
high MgO content with high tensile strength). (Glass et al. 2000).

Pure silica (silicon dioxide), when cooled as fused quartz into a glass with no 
true melting point, can be used as a glass fiber for fiberglass, but has the draw-
back that it must be worked at very high temperatures. In order to lower the 
necessary work temperature, other materials are introduced as “fluxing agents” 
(i.e., components to lower the melting point). Ordinary A- glass (“A” for “alkali- 
lime”) or soda lime glass, crushed and ready to be remelted, as so- called cullet 
glass, was the first type of glass used for fiberglass. E- glass (“E” because of initial 
electrical application), is alkali free, and was the first glass formulation used for 
continuous filament formation. It now makes up most of the fiberglass produc-
tion in the world, and also is the single largest consumer of boron minerals glob-
ally. It is susceptible to chloride ion attack and is a poor choice for marine 
applications. S- glass (“S” for “Strength”) is used when high tensile strength 
(modulus) is important, and is thus important in composites for building and 
aircraft construction. The same substance is known as R- glass (“R” for “rein-
forcement”) in Europe. C- glass (“C” for “chemical resistance”) and T- glass (“T” 
is for “thermal insulator”— a North American variant of C- glass) are resistant to 
chemical attack; both are often found in insulation grades of blown fiberglass. 
(Fiberglass 2020).

The protective coating and sizing agents are applied to the fiber glass. The 
strands are pulled off of the forming tube and into the roving fabricating steps 
with creels to the winding machine to create the glass roving package that resem-
bles a cotton yarn ball. The fiber rovings are wound onto a machine that creates 
the different types of weaves and fabrics for woven, twill, knit, satin, and other 
fabric types.

The fiber yarn manufacturing for carbon fiber is similar to the glass fiber pro-
cess where the carbon fiber is created and then melted in a furnace. The fiber is 
drawn from the bottom of the furnace in a die and then wrapped onto a spool for 
a fiber roving package.

The glass fiber can also be created in a discontinuous process to create single 
fibers that are not connected with other fibers. The glass roving package can be 
chopped for short or long fibers for injection molding or chopped for sheet mold-
ing compound as explained earlier.
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12.5   Carbon Fiber Manufacturing

The carbon fiber manufacturing process involves 
starting with a PAN fiber, rayon, or a petroleum pitch 
fiber. PAN is the abbreviation for polyacrylonitrile 
plastic fiber. PAN plastic is show chemically in 
Figure 12.9.

The fiber has carbon, hydrogen, and nitrogen. All of 
the hydrogen and nitrogen must be thermally removed 
from the molecule.

The PAN fibers have good properties with a lower 
cost for standard modulus carbon fiber. PAN or rayon are first spun into filament 
yarns by using chemical and mechanical processes that initially align the polymer 
in a single direction. This enhances the final physical properties of the completed 
carbon fiber. After drawing or spinning, the polymer filament yarns are heated to 
drive off hydrogen and nitrogen in the polymer fiber in a process called carboniza-
tion. This produces the final carbon fiber. The manufacturing process to produce 
carbon fibers is shown in Figure 12.10.

Polyacrylonitrile (PAN) is a commercially available textile fiber and is a good 
starting material for PAN- based carbon fibers. The steps to produce PAN carbon 
fibers are shown in Figure 12.11 and listed below:

1) Stabilize by thermosetting (crosslinking) so that the polymers do not melt in 
subsequent processing steps. PAN fibers are stretched as well.

2) Carbonize: Fibers are pyrolyzed until they transform into all- carbon
a) Heating Fibers to 1800 °F yield PAN fibers at 94% carbon and 6% nitrogen
b) Heating fibers to 2300 °F removes nitrogen and yields 99.7% carbon

3) Graphitize: Carried out at temperatures greater than 3200 °F to improve the 
tensile modulus by improving the crystalline structure and the three- 
dimensional nature of the structure.

The fibers are surface treated and a sizing agent, a coupling agent, and finish are 
applied. Fibers are wound up for shipment.

A common method of carbon fiber manufacture, as shown in Figure  12.11, 
involves heating the spun PAN filaments to approximately 300 °C in air, which 
breaks many of the hydrogen bonds and oxidizes the material. The oxidized PAN 
is then placed into a furnace having an inert atmosphere of a gas such as argon, 
and heated to approximately 2000 °C, which induces graphitization of the mate-
rial, which changes the molecular bond structure.

When heated in the correct conditions, these chains bond side- to- side (ladder 
polymers), forming narrow graphene sheets which eventually merge to form a 
single, columnar filament. The result is usually 93–95% carbon. Lower- quality 
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fiber can be manufactured using pitch or rayon as the precursor instead of 
PAN. The carbon can become further enhanced, as high- modulus, or high- 
strength carbon, by heat treatment processes.

Carbon heated in the range of 1500–2000 °C (carbonization) exhibits the  highest 
tensile strength (820 000 psi, 5650 MPa or N/mm2), while carbon fiber heated from 
2500 to 3000 °C (graphitizing) exhibits a higher modulus of elasticity (77 000 000 psi 
or 531 GPa or 531 kN/mm2).

The pitch manufacturing process is similar to the PAN manufacturing process. 
The pitch is a viscoelastic material that is composed of aromatic hydrocarbons. 
Pitch is created by distillation of plants, crude oil, and coal. Pitch must be con-
verted into a suitable fiber from petroleum tar. Pitch fibers are converted to a fiber 
by passing them through a meso- phase where the polymer chains are somewhat 
oriented and is in a liquid state, called a liquid crystal phase. Orientation is respon-
sible for the ease of consolidation of pitch into carbon. The pitch fibers are first 
stabilized by crosslinking the polymer so that the polymers do not melt in subse-
quent processing steps. The processing steps include the following:

1) Carbonize: Fibers are pyrolyzed until transformed into all- carbon
a) Heated fibers 1800 °F
b) Heated to 2300 °F

2) Graphitize: Carried out at temperatures greater than 3200 °F to improve the 
tensile modulus by improving the crystalline structure and the three- 
dimensional nature of the structure.

The fibers are surface treated and a sizing agent, a coupling agent, and finish are 
applied. Fibers are wound up for shipment.

To produce a carbon fiber, the carbon atoms are bonded together in crystals that 
are more or less aligned parallel to the long axis of the fiber as the crystal align-
ment gives the fiber a high strength- to- volume ratio (making it strong for its size). 
Several thousand carbon fibers are bundled together to form a tow, which may be 
used by itself or woven into a fabric.

Carbon fibers are usually combined with other materials to form a composite. 
When impregnated with a plastic resin and baked, it forms carbon- fiber- reinforced 
polymer, which has a very high strength- to- weight ratio and is extremely rigid 
although somewhat brittle. Carbon fibers are also composited with other materi-
als, such as graphite, to form reinforced carbon- carbon composites, which have a 
very high heat tolerance.

Carbon fiber can also be referred to as graphite fiber if the carbon percentage is 
greater than 90%. The diameter of the carbon fiber is about 5–10 micrometers. 
Carbon fibers have several advantages including high stiffness, high tensile 
strength, low weight, high chemical resistance, high temperature tolerance, and 
low thermal expansion. These properties have made carbon fiber very popular in 
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aerospace, civil engineering, military, motorsports, and competition sports. 
However, they are relatively expensive compared with similar fibers, such as glass 
fibers or plastic fibers.

12.6   Properties of Fibers

For tensile strength, the same calculations show that that carbon fiber has seven 
times the specific strength as steel and Kevlar has 11 times the specific strength as 
steel. The tensile strengths of the materials are listed in Table 12.5.

Glass, carbon, and aramid fibers have high strength, high stiffness, and low 
elongation. The properties of fibers can be compared with metal materials as 
shown in Table 12.6.

Table  12.6 shows that carbon fiber has the highest tensile modulus and low 
density. If we divide the tensile modulus by the density, we obtain a specific 

Table 12.5  Tensile strength of engineering materials.

Material
Tensile strength, MPa, 
(ksi) Density Mg/m3

Specific strength m2/
s2

Low alloy steel 1500 (220) 7.85 191.08

Aluminum 500 (75) 2.8 178.57

Carbon fiber 2400 (360) 1.8 1333.33

Glass fiber 2000 (300) 2.56 781.25

Aramid fiber (Kevlar) 3000 (450) 1.4 2142.86

Source: Matweb (2020).

Table 12.6  Tensile modulus of engineering materials.

Material
Tensile modulus, 
GPa, (Mpsi)

Density 
Mg/m3

Specific 
modulus, m2/s2

Low alloy steel 207 (30) 7.85 26.37

Aluminum 72 (10) 2.8 25.71

Carbon fiber 300 (40) 1.8 166.67

Glass fiber 76 (10) 2.56 29.69

Aramid fiber 
(Kevlar)

125 (20) 1.4 89.29

Source: Matweb (2020).
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Figure 12.12  Stress strain behavior of reinforcing fibers. Source: Stress strain 
fibers (2020).

modulus. The specific modulus is a good way to compare the highest properties 
with the lowest mass or weight. The results show that carbon fiber has six times 
the specific modulus of steel. Glass fiber has an equivalent specific modulus. 
Kevlar has three times the specific modulus.

The relationships between specific modulus and strength for several fiber mate-
rials are shown in Figure 12.12. The fibers with high specific tensile modulus and 
specific tensile strength are Kevlar and high- tensile graphite. Boron has lower spe-
cific strength but a higher specific tensile modulus than “S” glass fiber. “E” glass 
fiber has an equivalent specific modulus as steel and aluminum but higher spe-
cific tensile strength. Kevlar, graphite, and boron have higher specific tensile mod-
ulus and specific tensile strength than steel and aluminum.
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The tensile modulus and tensile strain of many fibers are shown in Figure 12.12. 
The results show that the high- modulus carbon fiber has a tensile modulus of 
414 GPa with a strain of less than 1%. Boron fiber is also compared with carbon, 
Kevlar, and glass fibers. The stiff fibers are graphite (carbon) and boron with 
strain less than 1%. Glass fibers and Kevlar fibers have lower tensile modulus but 
have larger strains of up to 3%.

The fibers must be combined with a resin to create a polymer composite. The 
polymers can be nylon, polypropylene, polyester, polyurethane, phenolic, PEEK, 
and others. The tensile moduli range from 1 to 7 GPa. The tensile strengths range 
from 33 to 145 MPa. The densities of the polymers range from 0.9 to 1.3 g/cc. The 
properties of the polymer composites are not homogenous and are directional 
based on the amount of fibers in that direction. If a unidirectional fiber is used 
with the polymer, the properties are much higher in the direction of the fiber. In 
fact, the strength can be reduced as much as 90% in the transverse direction as 
compared to the parallel direction. The stiffness and tensile modulus in the trans-
verse direction can be reduced by 95% compared to the parallel direction. If a 
quasi- isotropic fiber preform is used with 50% of the fiber in the weft direction 
and 50% of the fiber in the fill direction, the properties in both directions can be 
considered the same or iso- tropic.

The properties of polymer composites are dependent upon the type of reinforce-
ment and the percentage of reinforcement are listed in Table  12.7. For carbon 
fiber and glass fiber composites that have mat or woven fiber layups, the fiber mat 
is stacked in different orientations in the layup that can result in high strength 
mechanical properties. Glass and carbon fiber mats have ply orientation 

Table 12.7  Mechanical properties of unidirectional and quasi isotropic polymer 
laminates with carbon fiber and epoxy resin.

Unidirectional laminate Quasi- isotropic laminate

Testing angle 0° 90°
0°/90° 
ratio 0° 90°

0°/90° 
ratio

Tensile strength (MPa) 793 20 39.65 379 241 1.57

Tensile modulus (GPa) 303 3.3 91.82 104 97 1.07

Tensile ultimate strain, % 0.25 0.5 0.50 0.27 0.23 1.17

Compressive strength (MPa) 400 158 2.53 172 200 0.86

Compressive modulus (GPa) 255 6.7 38.06 76 88 0.86

Compressive ultimate strain, % — — 0.55 0.86 0.64

Source: Czel et al. (2017).
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stack- ups. The top and bottom have different fiber orientations (0/90°) than the 
middle fiber mats (=/−45°). Figure 12.13 shows the layup of different fiber mats 
or woven products. The unidirectional composite has a layup of only 0° fibers and 
thus the properties of the composite are very stiff and strong in the direction of the 
fibers. The properties are weak in the transverse direction of the fibers. For the 
quasi- isotropic laminate, the fiber layup is a 0°/90° orientation in the top and bot-
tom layers and a +/−45° orientation in the middle of the composite. This will 
yield a polymer composite with homogeneous properties in the parallel direction 
and transverse directions in the part.

Properties of an unidirectional laminate and quasi- isotropic laminate are listed 
in Table 12.7.

In the table, the unidirectional laminate is 40 times stronger and 90 times stiffer 
in the 0° direction versus the transverse 90° direction in tensile strength. The 
quasi- isotropic laminate is stronger and stiffer in tension in the 0° direction than 
in the 90° direction. The opposite is true for compression. The mechanical proper-
ties of several glass- filled and carbon- filled composites are shown in Table 12.8.

Table 12.8 shows that T300 and T100 carbon fiber and epoxy composites have 
the highest mechanical properties because they have the highest volume fraction 
of fibers. And the fibers are carbon fiber and not glass fiber. The SMC composite 
materials have higher mechanical properties than BMC composites.
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Figure 12.13  Unidirectional and multidirectional laminate plies for a composite 
laminate. Source: Composite laminate (2020).
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Carbon- fiber polymer composites also have excellent fatigue properties due to 
the excellent fatigue properties of the carbon fiber. Figure 12.14 shows the fatigue 
properties of several engineering materials.

Figure 12.14 data is also listed in Table 12.9. The table shows that boron fiber 
with epoxy resin and graphite fiber with epoxy resin retain 80% of their maximum 

Table 12.8  Mechanical properties of several glass filled and carbon filled composites.

Material
Tensile 
modulus, GPa

Tensile 
strength, MPa Density, g/cm3

T300. Carbon fiber (60Vol%) and epoxy 138 2790 1.31

T1000. Carbon fiber (60 Vol%) and epoxy 234 3475 1.31

SMC. Glass (33wt%) and polyester resin 11 105 1.6

SMC. Glass (50 wt%) and polyester resin 16 220 1.74

SMC lite 8 80 1.2

SMC carbon fiber (20 wt%) 15 120 1.2

GMT PP (40% glass) 6 105 1.19

BMC (30% glass) 10 80 1.8

Source: MatWeb (2020).
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stress after 10  million cycles. Comparatively, aluminum and glass fiber retain 
22–25% of their stress. Boron and carbon fiber composite structures do very well 
under fatigue conditions.

12.7   Rule of Mixtures

The combination of the polymers with the fibers can create a polymer composite 
with a range of properties depending upon the percentage of fibers. The properties 
of the composite can be estimated based on the volume fraction of the fiber and the 
volume fraction of the polymer resin. The Rules- of- Mixtures equations can be used 
to determine mechanical properties. Equation 12.1 is an equation of the rule of 
mixtures for tensile modulus. Equation 12.2 is an equation of the rule of mixtures 
for tensile strength. Equation 12.3 is an equation of the rule of mixtures for density. 
Equation 12.4 is an equation of the rule of mixtures for Poisson’s ratio.

Ec Ef Vf EmVm Ef Vf Em Vf* * 1  (12.1)

Where, E is tensile modulus, f is fiber, m is matrix, and c is composite.

TSc TSf Vf TSmVm TSf Vf TSm Vf* * 1  (12.2)

Where, TS is tensile strength, f is fiber, m is matrix, and c is composite.

( )ρ = ρ + ρ = ρ + ρ −c f * Vf mVm f * Vf m 1 Vf  (12.3)

Where, ρ is density, f is fiber, m is matrix, and c is composite.

( )c f * Vf mVm f * Vf m 1 Vfν = ν + ν = ν + ρ −  (12.4)

Where, ν is the Poisson’s ratio, f is fiber, m is matrix, and c is composite.

Table 12.9  Fatigue properties of engineering materials.

Material
Maximum stress 
original (ksi)

Maximum stress after 
10 million cycles (ksi) Ratio

Boron/epoxy 158 135 0.85

Graphite/epoxy 180 145 0.81

Kevlar/epoxy 165 130 0.79

Aluminum 60 15 0.25

E- glass/epoxy 55 12 0.22

S glass/epoxy 190 30 0.16

Source: Hercules (2011).



12.7  Rab f r FiaRerbls 337

The Rule- of- Mixtures calculations can be used to predict the tensile properties 
and densities of polymer composites at different fiber percentages or loadings. 
Figures  12.15–12.17 show the tensile modulus, tensile strength, and density of 
polyester composites with glass fibers.

Most polymer composites are created by weighing the glass or fiber amount and 
then adding the resin amount to the composite part. Thus, we can calculate a weight 
percentage as the weight of the fiber divided by the weight of the composite part.The 
amount of thermoset resin or plastic is also weighed during the processing of the 
polymer composite. The transformation from weight percentage to volume 
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percentage is dependent of the density of the glass fiber of 2.54 g/cm3 or carbon fiber 
at 1.8 g/cm3 plus the density of the polymer resin or plastic. For polyester resin with 
a density of 1.2 g/cm3 and E- glass with a density of 2.54 g/cm3, the results are shown 
in Figure 12.18 for glass fiber and polyester. The example below illustrates the weight 
percentage and volume percentage calculations with carbon fiber an epoxy resin.

The calculations assume:

 ● 1 cm3 of composite and
 ● 60% volume of carbon fiber and 40% volume of epoxy.
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Thus, for 1 cm3 of composite would have:

 ● 0.60 cm3 of carbon fiber times 1.8 g/cm3 yields 1.08 g of carbon fiber.

Similarly, for 1 cm3 of composite would have:

 ● 0.40 cm3 of carbon fiber times 1.2 g/cm3 yields 0.48 g of epoxy.

Then the total mass would be 1.08 g carbon fiber plus 0.48 g of epoxy to yield 
1.56 g of composite for 1 cm3 of composite.

The mass percentages would be:

 ● for carbon fiber: 1.08 g/1.56 g total that yields 69% by weight carbon fiber, and
 ● for epoxy: 0.48 g/1.56 g of composite total would yield 30.77% by weight epoxy.

The density of the composite would be the mass divided by the volume or 
1.56 g/1 cm3.

The Rule- of- Mixtures calculations can be compared with actual examples of 
carbon fiber composites in the following example. The T300 data sheet shows that 
the epoxy resin is 60  volume % carbon fiber. This yields a polymer composite 
material with a high tensile strength and tensile modulus because the carbon fiber 
has a tensile strength of 3.53 GPa and a tensile modulus of 230 GPa.

For density:

 ● The actual density of the composite is 1.52 g/cm3.
 ● The calculation for the T300 at 60 volume % was 1.54 g/cm3.
 ● This represents a 1.29% difference.

For tensile modulus:

 ● The actual tensile modulus of the composite was 135 GPa.
 ● The calculation for the T300 at 60 volume % was 168 GPa.
 ● The represents a 24.44% difference.

For tensile strength:

 ● The actual tensile strength of the composite was 2.603 GPa.
 ● The calculation for the T300 at 60 volume % was 1.860 GPa.
 ● The represents a −39.94% difference.

Thus, the Rule- of- Mixture over- predicts the density and tensile modulus and 
under- predicts the tensile strength for the carbon fiber and epoxy combination at 
60% carbon fiber.

For polyester and glass combinations in an automotive composites, the 
 composite is made with 33% glass fiber by weight and 67% polyester resin 
by weight.
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For tensile modulus:

 ● The actual tensile modulus of the composite was 17 GPa.
 ● The calculation for the glass fiber at 33 volume % was 26 GPa.
 ● The represents a 52.2% difference.

For tensile strength:

 ● The actual tensile strength of the composite was 360 MPa.
 ● The calculation for the glass fiber at 33 volume % was 395 MPa.
 ● The represents a 9.7% difference.

Thus, the Rule- of- Mixture over- predicts the tensile strength and tensile modu-
lus for the glass fiber and polyester combination at 33% glass fiber.

Example 12.1 Calculate the density, tensile modulus, and tensile strength of a 
composite with 60 volume % carbon fiber and 40 volume % epoxy resin. The den-
sity of carbon fiber is 1.8 g/cc and the density of epoxy is 1.2 g/cc. The tensile mod-
ulus of carbon fiber is 43 GPa and that of epoxy resin is 0.5 GPa. The tensile 
strength of carbon fiber is 3530 MPa and that of epoxy resin is 1200 MPa.

Answer
Assume 1 cc of composite.

Then 60 volume % carbon fiber = 0.6 cc of carbon fiber × 1.8 g/cc = 1.08 g car-
bon fiber and 0.4 cc of epoxy × 1.2 g/cc = 0.48 g epoxy. The total mass of the com-
posite is 1.56 g. The density of the composite is 1.56 g/cc.

The tensile modulus of the composite is Ec = Vf*Ef + Ve*Ee = 0.6(43 GPa) + 0.
4(0.5 GPa) = 26 GPa. Here Vf is volume fraction of fiber, Ef is tensile modulus of 
the fiber, Ve is the volume fraction of epoxy, Ee is the tensile modulus of the epoxy. 
The tensile strength of the composite is Vf*TSf + Ve*TSe  =  0.6(3530 MPa + 
 0.4*1200 MPa = 2598 MPa.

The above calculations can be done for other fibers and resins, and plastic 
matrices. The calculations can be done for CLTE, the Poisson’s ratio, impact 
strength, compressive strength, and other mechanical properties.

12.8   Sandwich and Cored Polymer 
Composite Structures

Core structures are added to composites to provide stiffness with sectional proper-
ties. The cored structures provide increased thickness in the part that generates 
higher stiffness. The stiffness of a composite part with a board- like shape increases 
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as thickness increases. The engineering analysis with the moment of inertia 
 calculations generates a relationship between stiffness and thickness cubed, as 
shown in Equation 12.5.

Stiffness E t3,  (12.5)

where, E is the tensile modulus and t is the part thickness.
Thus, a part that has thickness of 3 mm, that uses a cored structure with thick-

ness of 13 mm, increases the stiffness by 81 times. This is shown below.
Example,

Stiffness 1 = E (3 mm)3 = 27E
Stiffness 2 = E (13)3 = 2197E
The ratio of stiffness 1 to stiffness 2 = 2197E/27E = 81.37

When thickness is doubled, stiffness increases by a factor of 8. When thickness 
is tripled, stiffness increases by 64 times.

Cored structures can be used for thick composites that are greater than 10 mm, 
up to 100 mm. These consist of the following:

 ● Two face sheets made with fiber and polymer resin (epoxy or polyester)
 ● Core made with foam or wood
 ● Adhesives

Cored structures have greater stiffness and bending strength due to the increased 
section, as shown in Figure 12.19.

The core materials can be made from wood, polyurethane foam, or PP bead 
foam. The most common core material is balsa wood. Bamboo can also be used. 
Figure 12.20 lists the common core materials. Foams can be urethane, PP, PVC, 
PMI, PEI, and SAN. These foams have good properties: water absorption in 
some and water resistance in others. Ceramic foams have excellent thermal 
resistance.

The two types of foam cores are either open- cell and closed- cell types depend-
ing if the foam is open in the middle. Polyurethane is an example of an open- cell 
foam, and polypropylene and expanded polystyrene (EPS) are examples of 
closed- cell foam. The foams are formed by trapping a gas or air in a polymer. 
Open cell is a type of foam in which the cells are open and not closed off. 
Household sponge for the kitchen is an example of open- cell foam. Water or liq-
uids can easily flow in and out of open- cell foam. Polyurethane open- cell foam 
can be used in composites as a core material but can cause the resin to fill in the 
open- cell foam.
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Closed cell is a type of foam where the gas forms pockets in the polymer and the 
cell walls are closed off and are not connected. Polypropylene, polyethylene, neo-
prene, and EPS are examples of closed- cell foam.

Honeycomb- type foam cores can be made from paper, polyimide, polyolefin 
(PE, PP), engineering plastic, metal, carbon, aramid, and quartz.

The properties of foam core materials are shown in Figures  12.21–12.24. 
Figure 12.22 shows that polyisocyanurate (PIR) foam core had the highest tensile 
strength and the lowest density. Figure 12.23 shows that balsa wood core had the 
highest tensile strength.

Figure 12.23 shows that polyurethane (PUR) foam core had the highest com-
pressive strength and polyisocyanurate (PIR) had the lowest density. Figure 12.24 
shows that balsa wood core had the highest compressive strength.

The core materials are usually placed inside the composite part with glass fibers 
or carbon fibers on the outside. The polymer resin can be either polyester or epoxy. 
The core is usually surrounded by fabric and resin is cured around it.

Resin penetration into the core is not desired and must be prevented. Adhesives 
can be added to the core material with an epoxy resin that is coated with adhesive 
and then a fiber mat is added to the structure. The composite cored structure is 

1

1.1

Face sheets only
(total thickness = t)

Face sheets + core
(total thickness = 2t)

Face sheets + core × 2
(total thickness = 4t)

3.5

7
1.2

10

37

1

Weight

Bending strength

Bending stiffness

1

Figure 12.19  Increased bending strength and stiffness for core structures in polymer 
composites. Source: Sutcliffe (1998).
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placed in autoclave for temperature and pressure. Pressure must not be too low in 
the molding. If the pressure results in a vacuum, the core might collapse. Milled 
fibers and other fillers, like calcium carbonate, can be added to the resin to form a 
part on the outside of the core.

Core Material

Balsa wood (end grain) Good shear strength, high fatigue endurance, low cost,
easily bonded, easily finished, good temperature range

High strength, high stiffness, low cost, easily bonded

Low cost, easily bonded, good impact resistance

High dimensional stability under heat, excellent
mechanical properties, solvent resistance, low thermal
conductivity, high strength and stiffness

Low water absorption, high thermal stability, high
strength, fire resistant, good dielectirc properties

No outgassing, high stiffness, high impact and fatigue
strength, no environmental problems with resin or
recycling

Unsurpassed thermal resistance, excellent thermal
insulation, solvent resistance

Low cost, easily bonded, strong for weight

High strength to weight, corrosion resistant, good thermal
insulation, fire resistant, easily shaped, excellent dielectric
properties, easily bonded

Rigid and elastic, high toughness, sound and vibration
dampening, explosion containment vessels, scrim cloth
available, high strength to weight, corrosion resistant,
fungi resistant, can be thermoformed, recyclable

Tough, relatively high-temperature tolerant, excellent
dielectric properties, good thermal insulator, fire resistant,
fungi resistant, highly variable cell sizes and densities

Carbon fiber reinforced, carbon-carbon, aramid, quartz,
superior strength, superior thermal resistance

Aluminum, titanium, stainless, nickel available, no
outgassing, high-temperature tolerant, fire resistant, fungi
resistant, high thermal conductivity

Excellent drape, needs to be fully wetted, high impact
resistance, reduces cracks, absorbs resin for added
strength

Polyvinyl chloride (PVC) foam
(crosslinked)

PVC foam (linear)

Polymethacrylimide (PMI) foam

Polyetherimide (PEI) foam

Styrene-acrylonitrile copolymer
(SAN) foam

Ceramic foams

Paper honeycomb

Polyimide paper honeycomb

Polyolefin honeycomb

Engineering plastic honeycomb

High-performance honeycomb

Metal honeycomb

Stitched/compressed

Characteristics and Benefits

Figure 12.20  Common core materials.
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Figure 12.21  Shear strength and density of foam cores. Source: Foam cores 
strength (2020).
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Figure 12.22  Shear strength and density of balsa wood and honeycomb cores. Source: 
Foam cores strength (2020).
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Figure 12.23  Compressive strength and density of foam cores. Source: Foam cores 
strength (2020).
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Source: Foam cores strength (2020).
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12.9  Polymer Pre- Preg Composites

Polymer composites can be made with a pre- preg composite material that is usu-
ally made from carbon fiber and epoxy resin. The carbon fiber is usually at high 
loadings of 50–60% by volume. Epoxy resin makes up the balance of the material.

Pre- preg is “pre- impregnated” composite fibers where a thermoset polymer 
matrix material, such as epoxy, is already present. The fibers often take the form 
of a weave and the matrix is used to bond them together and to other components 
during manufacturing. The thermoset matrix is only partially cured to allow easy 
handling; this B- Stage material requires cold storage to prevent complete curing. 
B- Stage pre- preg is always stored in cooled areas since heat accelerates complete 
polymerization. Hence, composite structures built of pre- pregs will mostly require 
an oven, heated mold, or autoclave to cure. (Prepreg)

Pre- preg allows one to impregnate the fibers on a flat workable surface, or 
rather in an industrial process, and then later form the impregnated fibers to a 
shape which could prove to be problematic for the hot injection process. Pre- preg 
also allows one to impregnate a bulk amount of fiber and then store it in a cooled 
area (below 20 °C) for an extended period of time to cure later. Unfortunately the 
process can also be time consuming in comparison to the hot injection process 
and the added value for pre- preg preparation is at the stage of the material 
supplier.

Pre- pregs are resin- impregnated cloth, mat, or filaments in flat form that can be 
stored for later use. The resin is often partially cured to a tack- free state called 
“B- staging.” Catalysts, inhibitors, flame retardants, and other additives may be 
included to obtain specific end- use properties and improve processing, storage, 
and handling characteristics.

12.10   Processing of Polymer Composites 
for Automotive Parts

The processing of polymer composites can be done with either closed- mold or 
open- mold processes. The automotive industry primarily uses close- mold opera-
tions with injection molding, compression molding, resin transfer molding 
(RTM), and structural RIM molding (SRIM).

Plastic injection molding equipment, typically, comprises an extruder and a 
compression press. The plastic pellets are placed in the hopper and fed through the 
extruder in three main heated zones. The temperature profile in the three zones is 
dependent on the plastic type. The first zone is called the feed zone. The second 
zone is called the compaction zone. The third zone is called the metering zone.
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Short or long fibers are compounded with a twin screw extruder in concentra-
tions, usually between 20 and 40% glass fibers and 60–80% plastic resin, like PP, 
nylon, phenolic, PVC, PBT, silicone, and others. The glass- filled plastic composite 
is made with the injection molding process to form a part as shown in Figure 12.25. 
The part is usually molded with a cycle time of less than one minute for big parts, 
like bumper fascia, or less than 30 seconds for smaller parts. The injection molding 
process utilizes steel tooling to produce polymer composites under higher pressure.

The glass- filled polymer composite can also be compression molded in a pro-
cess described in Figure 12.26. The polymer can either be a thermoplastic mate-
rial, like polypropylene (PP), or a thermoset material like SMC or BMC. For the 
thermoplastic material, the plastic is hot and the mold is cold. The glass fibers are 
impregnated with the polypropylene plastic to create a glass- mat- thermoplastic 
(GMT) material in a mat form. Plastics can be PP, nylon, polycarbonate (PC), PVC, 
and polyphenylene sulfide (PPS).

Hopper
Plastic
Pellets

Nozzle

Press Mold

Plastic
Part

Runner

Extruder

Figure 12.25  The injection molding process.

1 Polymer supply

2 Extruder
3 Glass fibre mat supply
4 PP sheet supply
5 Double-belt press
6 Hot zone
7 Cold zone
8 Sheet cutter

8

5

3

2

3 4

1 4

6 7

Figure 12.26  GMT melt impregnation process. Source: GMT (2020).
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Typically, random glass- fiber mats are impregnated with molten plastic by 
sandwiching the plastic extrudate between two layers of glass mat, which are 
themselves retained within outer thin sheets of polyethylene, prior to entry into a 
continuous double- belt press. as shown schematically in Figure 12.26. The belts 
are heated to impregnate the fiber with the plastic resin. Temperature, pressure, 
and residence time are the key factors in controlling the quality of resin impregnation. 
This process can produce a sheet of up to 4 mm in thickness with fiber loadings 
between 20 and 50% by weight. (GMT 2020).

For GMT plastic materials, the sheet of plastic is cut into strips and then placed 
in an infrared oven near the compression molder, as shown in Figure 12.27. The 
GMT is molded in a compression press with the following process.

 ● Place the strips of GMT stacked and place them in the IR oven
 ● Transfer the stacked GMT into the oven for two minutes
 ● When GMT is heated to about 200F, remove it from the oven
 ● Place the stack of GMT on mold
 ● Compress the mold at 1500 tons press
 ● Hold for 60 seconds to cool the GMT
 ● Open the press and remove the GMT part

The GMT plastic can then be compression molded using the process shown in 
Figure 12.28. The compression press has two platens that close at a certain rate. 
Usually, the platens move at different speeds when it opens with the platen mov-
ing at a slow rate as the press initially opens, then moves quickly to near the final 
open location and then opens slowly the last few millimeters to the final open 
position. The process is repeated in reverse with at a slow initial close speed, 
 followed by a rapid close speed, and then finally a slow final close speed.

Figure 12.27  Infrared heating machine for GMT. Source: GMT oven (2020).
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The thermoset polymers can be molded with other closed molding operations. 
During these operations, the thermoset polymers are usually cold and kept refriger-
ated before molding on a hot (200 °C) mold. The most common thermoset polymer 
for the automotive industry are polyester materials. The SMC is the most common 
thermoset polymer composite material that is usually compression molded into a 
part like a hood, floor, roof, or bumper beam. The SMC can be made with two glass 
percentages depending on the application. Typically, 33% glass fibers (25 mm in 
length) are used to make body panels that are painted to body color. Typically, 50% 
glass fibers are used to make inner panels for roofs, hoods, and doors. Also, 50% 
glass fibers are used for bumper beam parts. The higher glass- loaded parts are typi-
cally not painted and surface appearance is not critical. The cycle times for SMC and 
compression molding are usually less than two minutes. The compression molding 
process utilizes a steel tool to form the product under moderate pressure.

Other polyester polymer composites can be compression molded like bulk- 
molded compound or BMC. Also, polyester can be molded using a glass mat or a 
woven product to make a hood for a car using a resin transfer (RTM) process. The 
RTM process, Figure 12.29, consists of a small pump that transfers the resin from 
the holding tank to the fiber mat product. The RTP process utilizes a steel tool to 
form the low- pressure part. In the RTM process,

 ● Dry, or unimpregnated, reinforcement is pre- shaped and oriented into the skel-
eton of the actual part, known as the preform, which is inserted into a matched 
die mold.

 ● The heated mold is closed and the liquid resin is injected.
 ● The part is cured in mold.
 ● The mold is opened and the part is removed from the mold.

Large parts can be made with this process, though the cycle time can be five to 
ten minutes per part. Other large parts can be made using a modified RIM 

Upper movable
mold half

Charge

Lower fixed
mold half

Ejector pin

Figure 12.28  The compression molding process. Source: Compression molding (2020).
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Figure 12.30  Structural Reaction Injection Molding (SRIM) process. Source: SRIM (2020).

process. The structural RIM process is similar to the RTM process in that a liquid 
alcohol and isocyanates are injected into a preformed mat or woven product to 
form a glass- filled polyurethane polymer composite. Figure  12.30 provides an 
illustration of the SRIM process.

Binder Stabilized
Fabric

Lay Up Preform Tool Heating &
Some Pressure

Stabilized
Preform

Opening &
Demolding

CuringMold Closing &
Resin Injection

Transfer Preform
Into Mold

Figure 12.29  Resin transfer molding (RTM) process. Source: RTM process (2020).
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The process uses the Reaction Injection Molding (RIM) process to pump, mix, 
and inject the polyurethane resin into the mold at moderate pressure. The SRIM 
process first preforms the glass matt or woven product into a shape of the final 
part, like bumper beam with a steel preform tool. Then the fiber preform is placed 
in a heated mold and the resin is injected onto it. The SRIM process molds the 
polyurethane liquid and glass mat in a steel tool to form the polymer composite 
with cycle times less than two minutes.

12.11  Aerospace Polymer Composites

Thermoset composites are mostly made with carbon fiber and epoxy resin to form 
shapes that can be placed on an aircraft. Polymer composites for the aerospace 
industry are thermoset- reacting polymers or thermoplastics that typically com-
bine with carbon fibers and are made with the following characteristics:

1) Cycle times more than 10 minutes
2) Service use temperatures of 200–300 °C (140–158 °F)
3) High- cost carbon fiber and resin materials between $2 and $20 per pound
4) Carbon fiber loadings usually between 30 and 60% by volume
5) Excellent chemical resistance
6) Usually not painted
7) Can be a small molded part like a rocket booster or a large molded part like an 

aircraft wing
8) Excellent mechanical properties
9) Excellent thermal properties

12.12   Processing of Polymer Composites 
for Aerospace Parts

Aerospace parts are usually made with processes with long cycle times, like RTM, 
SCRIMP, Vacuum infusion, other hand- layup processes, and filament winding. 
RTM was described earlier. VARTM (Vacuum Assisted Resin Transfer Molding) is 
the name of the process used by Lockheed Martin that is similar to SCRIMP, but 
does not use a flow media. The entire fuselage of the AGM 159 JASSM missile is 
made using VARTM, as shown in Figure 12.31.

SCRIMP (Seemann Composites Resin Infusion Molding Process) is one of the 
earliest patented infusion methods. It is used in many marine and wind blade 
applications, but was also licensed by some aerospace firms. It relies upon the use 
of a flow or “distribution media” with high permeability between the layup and 
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vacuum bag to rapidly and evenly distribute resin laterally across the part. The 
SCRIMP process is shown in Figure 12.32.

CAPRI (Controlled Atmospheric Pressure Resin Infusion) was patented by Boeing 
and is said to reduce thickness variation and result in fiber volumes and mechanical 
properties equivalent to pre- preg/autoclave materials. First, it uses vacuum debulking 
cycles on the dry preform to reduce compressed thickness prior to infusion. During 
infusion, the resin supply is held at partial vacuum, which assists in degassing the 
bulk resin but also reduces the pressure differential driving resin into the preform.

RTI (Resin Transfer Infusion) is a Bombardier- patented process used to produce 
the wing skins of its C- Series aircraft. Infusion of resin into the preform is 
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Figure 12.32  SCRIMP molding system. Source: SCRIMP (2020).
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Figure 12.31  VARTM molding system. Source: Dominik et al. (2006).
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performed using vacuum pressure only. However, the mold is located in an 
un- pressurized autoclave during the infusion step. After the preform is fully 
infused, the autoclave is pressurized and heated to perform cure. This makes it 
easier to achieve high laminate quality because positive cure pressure (>14 psi) 
helps prevent void formation from entrapped air and volatiles. It has the  drawback 
that a suitable size autoclave is still requited. All other methods cited above are 
true out- of- autoclave processes.

The Vacuum Infusion Process or VIP is one of many closed- mold processes. It 
distinguishes itself by being the only process that utilizes only atmospheric pressure 
to push the resin into the mold cavity. The mold cavity can be a one- sided mold with 
bagging film being utilized for the “B” side, a two- sided mold, or even a soft “enve-
lope” bag. The process is highly controllable, because it is governed by the principles 
of D’Arcy’s Law. This means that there are only three variables affecting the flow of 
the resin: (i) permeability of the laminate, (ii) viscosity of the resin, and (iii) pres-
sure differential in the cavity in relation to atmospheric pressure. If all three of these 
variables are unchanged, then the infusion process will consistently flow the same 
way with every injection for a given part. This also equates to a very accurate bill of 
material for a given part since the resin and fiberglass usage will not change.

Filament winding is a fabrication technique mainly used for manufacturing 
open-  (cylinders) or closed- end structures (pressure vessels or tanks). The process 
involves winding filaments under tension over a rotating mandrel. The mandrel 
rotates around the spindle (Axis 1 or X: Spindle), while a delivery eye on a carriage 
(Axis 2 or Y: Horizontal) traverses horizontally in line with the axis of the rotating 
mandrel, laying down fibers in the desired pattern or angle. The most common fila-
ments are carbon and are impregnated in a bath with resin as they are wound onto 
the mandrel. Once the mandrel is completely covered to the desired thickness, the 
resin is cured. Depending on the resin system and its cure characteristics, often the 
rotating mandrel is placed in an oven or placed under radiant heaters until the part 
is cured. Once the resin has cured, the mandrel is removed or extracted, leaving the 
hollow final product. For some products such as gas bottles, the “mandrel” is a 
permanent part of the finished product forming a liner to prevent gas leakage or as 
a barrier to protect the composite from the fluid to be stored.

Filament winding, shown in Figure  12.33, is well suited to automation, and 
there are many applications, such as pipe and small pressure vessel, that are 
wound and cured without any human intervention. The controlled variables for 
winding are fiber type, resin content, wind angle, tow or bandwidth, and thick-
ness of the fiber bundle. The angle at which the fiber is laid down on the compos-
ite has an effect on the properties of the final product. The “hoop” will provide 
circumferential strength, while lower angle patterns (polar or helical) will provide 
greater longitudinal/axial tensile strength.
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13.1  Natural Fibers

Natural fibers such as flax, hemp, and jute can be used as reinforcement for 
thermoset/plastic composites. The source of natural fibers can be from animals, 
plants, or minerals. The sources of natural fiber are shown in Figure 13.1. The 
animal fibers can be wool or hair from sheep, camel, or rabbit. The plant fibers can 
be cotton, Kapok, Akon, Flax, Hemp, Jute, Ramie, Agave, Banana, and Coco 
Bromelia. The mineral fibers can be from asbestos. Flax, hemp, and Jute are the 
most common natural fibers. Also, rice straw and almond shells can be used as 
fillers for plastic parts.

The global natural fiber composites market size was valued at USD 4.46 billion 
in 2016 (Global natural fiber market 2021). It should increase by about 12% from 
2016 to 2024. Automotive and other industries are interested in lightweight prod-
ucts that are sustainable. They can be produced with lower greenhouse gases and 
lower pollution than petroleum- based plastics. However, moisture sensitivity is a 
concern of the natural fibers.

Natural fibers are biobased materials manufactured using materials such as 
wood, cotton, flax, kenaf, and hemp. All these materials are less harmful to the 
environment and sustainable. Raw materials used to manufacture natural fiber 
composites are environment friendly and sustainable. These fibers can replace 
synthetic fibers in many industries in the future.

Green products made with natural fibers can be a boon for the automotive, 
home furnishings, and other markets. Composites made from natural fibers can 
be more sustainable than petroleum- based composites and have a lower mass of 
the component since the natural fibers are lighter than glass fibers. This can help 
lower the total energy consumption in making the product.

13

Natural Fiber Polymer Composites
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13.2  Raw Material Information

Some of the major raw materials include wood, flax, kenaf, cotton, and hemp. Wood 
dominated the market and represented 59.3% of the overall revenue in 2015 (Global 
natural fiber market 2021). The trend should continue until 2024. Wood has advan-
tages of high strength and stiffness which can fuel its utilization in the future.

Flax was one of the most widely used materials in 2015, with a market share of 
13.0% (Global natural fiber market 2021). Flax is CO2 neutral, vibration damper, 
and renewable as compared to glass and carbon fibers. Flax has many advantages 
including high tensile strength, ultraviolet rays blocking properties, vibration 
absorbent, and high- water retention. This can help it be one of the most used raw 
materials in the industry.

Cotton belongs to the seed fiber category, which is commonly used for textiles 
all over the world (Global natural fiber market 2021). Cotton is one of the weakest 
fibers due to its moisture absorption property. It can absorb moisture up to 20% of 
its dry weight. The use of cotton can grow in textile and sporting goods industries.

Use of kenaf has been growing in various industries such as construction, oil & 
chemical absorbent, food packaging, and automotive (Global natural fiber mar-
ket  2021). The material has good tensile properties and lightweight. It is also 
highly sustainable and can be completely recycled.

Composites that are made from hemp can replace glass fiber in many applica-
tions, and they are biodegradable (Global natural fiber market  2021). Hemp is 
desirable due to its being made from natural materials.

Natural fibers can be used in a variety of industries shown in Figure 13.2.

Natural fibers

Vegetable (cellulose) Animal (protein) Mineral fibers

Silk

Mulberry

Asbestos
Fibrous
brucite

Wool/hair

Seed

Cotton
Kapok

Flax
Hemp
Jute

Sisal
Abaca

Henequen

Wheat
Maize
Rice

Bamboo
Bagasse

Lamb wool
Goat hair
Horse hair

Bast Leaf Stalk Cane, grass,
and reed

Figure 13.1  Sources of natural fibers. Source: Natural fibers (2020).
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Figure 13.2 shows that the construction industry can use the most natural fibers 
in the future followed by the automotive industry. Several automotive companies 
are researching the use of natural fibers for interior components. The market pro-
jection for natural fibers from 2013 to 2024 is shown in Figure 13.3. Figure 13.3 
shows that all fibers should experience growth in applications in the future. Wood 
fiber should see the biggest growth in the near future.

Automotive

Construction Others

Electronics Sporting goods

Figure 13.2  Global natural fiber composites market revenue, by application in 2016.

Wood Cotton Flax Kenaf Hemp Others

2013

1358.8

2014

1510

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Figure 13.3  Growth of natural fibers in the United States of America from 2013 to 2024.
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Figure 13.4  Cost per mass of reinforcing fibers. Source: Furqan et al. (2014).

13.3  Fiber Properties

The aspect ratio (L/D) of the fiber is an important characteristic of the reinforcing 
capability of the fiber. As a comparison, the aspect ratio of glass fiber is around 
100. The aspect ratio of natural fibers is listed in Table 13.1. Jute fiber has the larg-
est aspect ratio followed by hemp and flax fiber. Straw and shells are more of a 
filler rather than a reinforcement due to the low as aspect ratio.

The cost of hemp fiber is less than $1 per pound. Figure 13.4 shows the cost of 
many fibrous materials for polymer composites. Hemp, Jute, and Flax are all less 
expensive than E- glass and carbon fiber.

Jute is a long, soft, shiny vegetable fiber that can be spun into coarse, strong 
threads. It can be blended with epoxy and polyester to make a polymer composite. 

Table 13.1  Aspect ratio of natural fibers.

Fiber L (mm) D (mm) Aspect ratio (L/D)

Hemp 0.4 0.01 40

Flax 0.3 0.02 15

Jute 2 0.01 200

Straw (rice, wheat, grain) 0.1 0.1 1

Shells (walnuts other nuts) 0.1 0.1 1

Source: Peltola et al. (2011).
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Figure 13.4 shows the cost of reinforcing fibers. Hemp, Jute, and Flax have lower 
modulus and lower costs per volume than E- glass and carbon fiber.

Figure 13.5 illustrates the tensile moduli and density of reinforcing fibers. Hemp, 
Jute, and Flax have lower modulus and lower density than E- glass and carbon fiber.

Natural fibers like hemp and flax have lower energy use in the production of the 
fibers than polyethylene terephthalate (PET), thermoplastic starch (TPS), poly-
propylene (PP), acrylic, glass fibers, and nylon fibers. The natural fibers also have 
lower global warming potential than plastics, such as polystyrene, PET, and poly-
urethane, as shown in Figure 13.6.

13.4   Automotive Use of Natural Fibers

Automotive companies are looking for ways to produce a more sustainable car. Low- 
cost natural fibers can be an attractive source of meeting their goals. Hemp fiber is 
61% cellulose and was used by Henry Ford in 1941 to build car doors with cellulose 
plastic (Henry Ford fiber use 2021). It can be used with biodegradable starch- based 
plastics, TPS. Hemp is already being made into the compressed door panel and dash-
boards for carmakers such as Ford, GM, Chrysler, Saturn, BMW, Honda, and 
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Mercedes. The interior of the car has low- cost parts made from plastic and inexpen-
sive additives. The headliner, shown in Figure 13.7, is a prime example of a low- cost 
part with an opportunity to use more sustainable materials. Research is needed to 
provide low- cost materials made from natural fibers and biodegradable plastics.

13.5   Processing of Natural Fibers

Almond shells and rice straw can be blended with polypropylene plastic to make 
an interior part for an automotive company. The propylene can be made from 
recycled materials. The recycled polypropylene plastic needs to be blended with 

Figure 13.7  Automotive 
headliner made from ABS 
for the 1999 Ford F- 150. 
Source: Auto 
headliner (2021).
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natural fibers. The materials can be compounded with a Leitztriz twin- screw 
extruder. Compounding is necessary to combine the recycled PP plastic into plas-
tic pellets with almond shells.

The first step in the process is to chop the almond shells or rice straw to less than 
300 microns. That is needed to prevent the rice straw or almond shells to plug the 
vents in the twin- screw extruder. Figure 13.8 shows examples of some choppers. 
Then, the almond shells or rice straw should be sifted with a sieve to produce the 
small particles that are less than 300 microns as shown in Figure 13.9. The small 
particle powder of almond shells or rice straw can be blended with polypropylene 
to make pellets of the right concentrations of natural fiber. After blending the 
polypropylene and natural fibers into pellets, the parts can be injection molded 
into the interior part. This will be explained further in the following.

Almonds shells and rice straw begin as large particles shown in Figures 13.10 
and 13.11.

The almond shells are taken from an almond mill that removes the almonds 
from the shells. The shells are an organic waste product. In 2020, the state of 
California produces over 1.645 billion pounds of waste almond shells per year. 
(Almond waste 2021). The almond shells and rice straw can be ground down into 
a powder as shown in Figure 13.12.

The almonds shells can be ground down into a powder as well as shown in 
Figure 13.13.

The almond powder was heated to 175 °C to see if it would burn. Luckily, it did 
not burn until 200 °C. This is important when running the twin- screw extruder 

Figure 13.8  Fiber chopper example.
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and the injection molding machine to not burn the rice straw or almond shells. 
Figure 13.13 shows the results after heating the almond shell powder to 175 °C. It 
did not burn and did not leave a burning smell.

The twin- screw extruder, American Leitzritz Model ZSE- 18HP twin- screw 
extruder system, with 40:1 L/D is shown in Figure 13.14. In the feed zone, the 
particles are conveyed away from the hopper and fed into the heated barrel. In the 
transition zone, particles are melted and the melt homogenized, completing a pro-
cess that started at the end of the feed zone. This section is designed to enhance 

Figure 13.9  Sieve example.

Figure 13.10  Raw almond shells.



Figure 13.11  Raw rice straw.

Figure 13.12  Rice straw powder.

Figure 13.13  Almond shell powder.
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Figure 13.14  American Leitzritz Model ZSE- 18HP. Source: American Leitxritz (2021).
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the friction and contact with the barrel. Finally, in the metering zone, the screw 
section is designed to act efficiently as a pump by generating pressure in the now 
homogenously molten mass of plastic.

Figure 13.15 shows the product of combining almond shell powder with recy-
cled polypropylene plastic.

The interior part would need to be machined into an aluminum or steel mold 
with computer numerical control (CNC). The injection mold can be made out of 
aluminum for prototype purposes and with steel for production purposes. The 
interior part can be designed with SolidWorks then machined into a mold with all 
of the components of vents, gates, and ejector pins. SurfCAM® can be used to 
export the digital model to the machine code for a VF3 Haas vertical mill. The 
Haas VF3 is shown in Figure 13.16

The CNC mill will cut the shape of the two mold halves and inserts to take the 
shape of the automotive interior part. The design of the automotive interior part 
can be adapted to cause it to break upon the impact of shot or pellet. The design 
of the automotive interior part will be adjusted based upon flow analysis from the 
SolidWorks Plastic Flow program. The flow of plastic into a mold is an essential 
component of effective mold and tooling design. The design of the plastic part is 
crucial to its success during molding.

Solidworks® Plastics simulates how melted plastic flows during the injection 
molding process to predict flow distribution, pressure distribution, temperature 
distribution, and warpage analysis. It also provides troubleshooting steps and 
practical design advice to help diagnose and avoid potential molding problems. 

Figure 13.15  Plastic pellets of almond shell powder blended with recycled 
polypropylene plastic and extruded in a twin- screw extruder. These pellets can be 
injection molded in an injection molding machine to make parts.
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Solidworks® Plastics can design the shape of the mold and help design venting, 
gates, and ejector pins locations (Solidworks® Plastics 2021). The information will 
be used to CNC the shape of the vents and gates in the mold. The mold is usually 
not very complicated and the use of SolidWorks flow should be very useful.

Then, the interior parts can be made with an injection molding machine to 
shape the plastic into the interior part. Figure 13.17 lists the picture of the Arburg 
28- ton injection molding machine at California State University (CSU), Chico.

Injection molding is a process where solid plastic is melted, injected into a mold, 
and then cooled back to a solid. Plastic injection molding equipment, typically, 
comprises an extruder and a compressions press. The plastic pellets are placed in 
the hopper and fed through the extruder in three main heated zones. The tem-
perature profile in the three zones is dependent on the plastic type. The first zone 
is called the feed zone. The second zone is called the compaction zone. The third 
zone is called the metering zone.

Students at CSU, Chico compounded the polypropylene plastic with almond 
shells or rice straw and molded the parts. Figures 13.18 and 13.19 show one student 
working with the natural fibers and polypropylene with the molding machines.

The parts can be injection molded as shown in Figure 13.20. The part is a proto-
type sporting pigeon made from poly lactic acid (PLA) biodegradable plastic and 
rice straw powder. The biodegradable plastic part can replace the clay pigeons. 
The sporting pigeon is more sustainable than the clay pigeon.

Figure 13.16  Haas VF3 vertical mill. Source: Haas mill (2021).



Figure 13.17  Arburg 25 ton injection molding machine at California State 
University, Chico.

Figure 13.18  Students working on the twin- screw machine adding almond shells. 
Source: Permission granted from Mr. Marshall Ellis.
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Figure 13.19  Students working on the injection molding machine. Source: Permission 
granted from Mr. Marshall Ellis.

Figure 13.20  Sporting pigeon made from PLA plastic and rice straw powder.
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13.6  Test Results of Natural Fibers

After parts are made, then they need to be tested. Tensile bar and impact bar parts 
can be injection molded with the natural fibers and polypropylene and then tested 
for impact and tensile properties. Figure 13.21 illustrates a tensile machine.

Previous work at CSU, Chico reported that the strength of the plastic increased 
with the addition of almond shells. Figure 13.22 shows the tensile testing of PP 
with 20% almond shells on a tensile test machine.

The testing produced the results that showed that almond shells at 40 and 20% 
increased the tensile load. Figure 13.23 shows the results. PP and almond shells at 
40% were 630% stronger than neat PP and that PP and almond shells at 20% were 
170% was stronger than neat PP. The other parts in the graph were made with PP 
and different combinations of rice straw, rice hulls, and hemp fiber.

Head moves at a
constant rate

Molded
test

specimen

Movable
head

Jaws
grip
test

sample

Fixed
head

Load measurement
transducer

Figure 13.21  Tensile test machine. Source: Tensile test machine (2021).
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Figure 13.22  Tensile testing of PP 
and almond shells.
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Figure 13.23  Tensile results for almond shells and PP.
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The impact tests are based on an Izod impact test machine. Figure 13.24 illus-
trates the Izod impact test. In this test, the sample is placed upright. Then a 
weighted pendulum swings down and impacts the sample. The energy absorbed 
by the swinging pendulum is listed on a dial on the machine.

Previous work at CSU, Chico reported that the PP and almond shells at 40and at 
20% increased the impact strength. Figure 13.25 shows the results. PP and almond 
shells at 40% were lower than neat PP and that PP and almond shells at 20% higher 
impact strength than neat PP. PP and almond shells at 40% were 20% lower than 
neat PP and PP and almond shells at 20% were 140% higher than neat PP. The 
other parts in the graph were made with PP and different combinations of rice 
straw, rice hulls, and hemp fiber.

Once the testing is completed for the tensile and impact specimens, the opti-
mum processing conditions can be found to produce high- strength parts for the 
automotive interior parts. Further research is needed to develop a production pro-
cess with new and innovative fiber materials and a cost- competitive manufactur-
ing process.

Other researchers have studied the influence of natural fibers on mechanical 
properties of plastics. One researcher looked at the mechanical and thermal prop-
erties of polypropylene and almond shells. (El Mechtali et al. 2015).
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Figure 13.24  Izod impact test. Source: Impact test (2021).
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They found that chemical modifications of almond shell particles affected the 
mechanical and viscoelastic properties of almond shell/PP composites. The 
almond shells increased the Young’s modulus by 14%, the yield strain by 31%, and 
the thermal stability. Another research found that almond shell flour and nano-
clay particles with polypropylene plastic decreased the tensile and flexural 
strength by about 37.7 %. The impact strength of composites significantly 
decreased with the addition of 30, 35, and 40% almond shell flour with polypro-
pylene plastic (Lashgari et al. (2013).

Almond shells were shown to increase the tensile properties of polypropylene 
(Essabir et  al. (2013). They also added maleic anhydride to increase bonding 
between the almond shells and the polypropylene up to 30% shells. Thirty percent 
almond shells increased the Young’s modulus between 35 and 56.2%. The 30% 
shells reinforced polypropylene also had an increase in thermal decomposition 
temperature versus virgin polypropylene.

Jute and hemp fibers have been shown to increase the mechanical properties 
of plastic. One researcher looked at adding hemp fiber to recycled high- density 
polyethylene (Lu and Oza 2013). They found that hemp fiber with 40% by vol-
ume concentrations and high density polyethylene (HDPE) increased the ten-
sile strength to 60.2 MPa and flexural strength to 44.6 MPa. The hemp–reinforced 
HDPE composites with 30% of fiber loading demonstrated the best impact 
strength of 51.1 KJ/m2. Mechanical properties of natural fibers are shown in 
Figure 13.26.
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Figure 13.26  Mechanical properties of natural fibers Source: Natural fibers 
properties (2021).
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The chapter will include design aspects for injection molding of plastics,  including 
shrinkage, warpage, tooling, costs, and design for manufacturing (DFM) princi-
ples, and how they relate to design of plastic parts. Standard practices for parts 
that are injection molded, compression molded, or extruder will be discussed. The 
costs associated with injection molding and compression molded parts will be 
discussed. Common examples of design standards for automotive components 
will be discussed. Common parts used in automotive applications are presented 
by Wilhelm (1993).

14.1  Introduction

Plastics are made with unique design principles. Quality of the plastic part is most 
affected by the design of the product. Manufacturing cost is mostly affected by the 
design of the product. A plastic part can be designed properly based on the proper 
knowledge of plastic materials and processing of plastics. All three are related. 
The design of plastic parts is influenced by the following:

 ● Shrinkage
 ● Part tolerances
 ● Draft angles
 ● Inserts
 ● Undercuts and slides
 ● Ribs
 ● Runners
 ● Bosses
 ● Radii

14
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 ● Sinks
 ● Fasteners
 ● Shrinkage

The design of plastic parts is influenced by part design and process design. 
Typically, a prototype part is made first to validate the designing and processing. 
This results in pilot run to prove design part and process works. The part is usually 
tested for key performance specifications, and the process is run at near produc-
tion levels. Then, the design is changed to incorporate improvements to the design 
part and process. Finally, production will follow with tool build and production 
run of the part. The production design step needs coordination with the following:

 ● Production
 ● Quality Control
 ● Purchasing
 ● Maintenance
 ● Marketing
 ● Finance
 ● Management

14.2  Design Process

A typical development process for an automotive part can take four to six years as 
shown in Figure 14.1.

 ● Phase 0. Prototype stage
 – Prove part concept works
 – Test prototype parts to specs
 – Design production process
 – Validate part
 – Design frozen
 – Request funding for full program

G1 G2

Concept phase Industrialization phase Production phase

G3 G4 G5 G7

CAD 1 CAD 2 CAD 3 DAW Tooling Triming Graining

Test series

Theme
Design

Single Model
Selection

Merged
Models

Virtual
Series

Virtual
Series

End of
Development

Start of
Production

G6

Figure 14.1  Automotive production process. Source: Wickman and Soderberg (2010).
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 ● Phase 1. Production tools built
 – Design and manufacture production tooling

 ● Phase 2. Plant development
 – Set up production line and stations

 ● Phase 3. Production
 – Build parts with production tools

The typical parts in an automobile are shown in Figure 14.2. Many of the parts 
use plastic materials. Typically, plastic parts are designed by the engineering team 
and given to manufacturing to build the production parts.

14.3   Manufacturing Checklist for Quality

The manufacturing engineer must be sure that the parts can be produced. 
Typically, the engineer will have a checklist to improve the manufacturing process 
of the plastic part. An example of checklist is given as follows:

1) The part must include a shrinkage value for the mold. The mold should be 
expanded by a factor of the shrinkage. Shrinkage of plastics are listed in 
Table 14.3. For example, a part made with polypropylene (PP) should expand 

Fluid handling
Applications: Pumps,valves
AM technology: Selective laser
 melting, electronic beam melting
Materials: Aluminium alloys

Exterior/exterior trim
Applications: Bumpers, wind breakers
AM technology: Selective laser sintering
Materials: Polymers

Manufacturing process
Applications: Prototyping, 
customized tooling, investment casting
AM technology: Fused deposition 
modelling, inkjet selective laser
sintering, selective laser melting
Materials: Polymers, wax, hot 
work steels

Exhaust/emissions
Applications: Cooling vents
AM technology: Selective laser melting
Materials: Aluminium alloys

Interior and seating
Applications: Dashboards, seat frame
AM technology: Selective laser sintering,
stereo-lithography
Materials: Polymers

Wheels, tires and suspension
Applications: Hubcaps, tires, suspension springs
AM technology: Selective laser sintering, inkjet,
selective laser melting
Materials: Polymers, aluminium alloys

Electronics
Applications: Embedded 
components such as sensors,
single-part control panels
AM technology: Selective laser sintering
Materials: PolymersOEM Components

Applications: Body-in-white
AM technology: Selective 
laser melting, electron beam
melting
Materials: Aluminium, steel alloys

Frame, body, doors
Applications: Body panel
AM technology: Selective 
laser melting
Materials: Aluminium alloys

Powertrain, drivetrain
Applications: Engine components
AM technology: Selective laser
melting, electron beam melting
Materials: Aluminium, Titanium alloys

FUTURE

CURRENT

Figure 14.2  Parts in an automobile. Source: Mekonnen and Savas (2014).
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the mold in all dimensions – 2% to account for the 2% shrinkage. (Shrinkage 
plastics 2020). Thus, a part of 200 mm × 100 mm × 3 mm thick should have 
the mold machined to 204 mm × 102 mm × 3.06 mm. Then, the molded part 
will shrink to 200 mm × 100 mm × 3 mm.

2) The part must include draft angles between 1 degree and 3 degrees with an 
optimum value of 2 degrees.

3) The part should be of the same thickness between 2 and 3 mm.
4) The part should not have any holes near the edges.
5) The part should not have any holes near structural areas.
6) The part should have generous radii.
7) The mold should be made with common parts.
8) The mold should be made out of P- 20 steel if production is more than 

100 000 parts.
9) The mold should be chrome plated if there is glass- filled plastic.

10) The mold can be made out of aluminum if the part production is less than 
100 000.

Problem 14.1 How much should a mold be expanded for a HDPE part with 
dimensions, 250 mm × 200 mm × 3 mm?

1. Answer: Need to include shrinkage to expand the mold by 1.5 to 4%. If 2% is used 
then  the mold dimensions should be expanded by 1.02%. Thus, a part of 250 mm 
× 200 mm × 3 mm thick should have the mold machined to 255 mm × 204 mm 
× 3.06 mm. Then, the molded part will shrink to 250 mm × 200 mm × 3 mm.

14.4   Plastic Materials for Automotive Use

Figure 14.3 shows the parts that can be made with plastic and polymer composite 
materials. The exterior body panels, door panels, and bumper beams can be made 
with sheet molding compound (SMC). The floor luggage compartment, trim lug-
gage compartment, and sun roof panel can be made with glass- filled PP or glass 
mat thermoplastic (GMT) with PP and glass fibers.

The automotive industry relies heavily on proper materials selection. The 
proper choice of materials for a vehicle is a very important factor for automotive 
design. There are many materials that can be used in the automotive body, engine, 
interior, and powertrain. Plastics and composites can be used in all of the major 
components of the automobile. Plastics offer the following advantages versus 
steel for the vehicle components:

✓ Lightweight: This criterion enables reduction of greenhouse gas and improved 
fuel efficiency.

✓ Economic effectiveness: The cost for plastic and composite parts is more on the 
part basis but much less when tooling is included.
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✓ Safety: Plastics and composites have higher impact energy absorption than metals.
✓ Recyclability and sustainability: Plastics and composite materials can provide 

recycling options for the automotive products and provide a part with lower 
carbon footprint, lower waste, and lower pollution than metal components.

The weight reduction in the automotive industry can be obtained in three ways:

� Replacing metal materials of high specific weight with lower density materials, 
e.g., plastic and composite materials. Plastics and composite parts have higher 
strength- to- weight ratio and higher stiffness- to- weight ratio than metals parts. 
Figure 14.4 shows the modulus and density for several automotive materials.

� Optimizing the design of load carrying elements and exterior attachments 
through part consolidation to reduce their weight without any loss in rigidity or 
functionality.

� Optimizing the production process.

The design process, at GM and Ford, starts with 3D CAD model development 
includes the following:

 ● Phase 0. Prototype.
 – Prototype parts with 3D models.

 ○ Models are sent to potential part suppliers to quote production job based 
on part design.

 ○ Prototype tooling and parts are made based on prototype 3D model.
 ● Phase 1.

 – Preproduction parts made with modified design based on manufacturing requests.
 ○ Engineering change orders (ECOs) are made to update drawing and 

3D model.

Exterior
body panels

Trim luggage
compartment

Sun roof panel,
headliner and roof
stiffening elements

Door panels

Exterior
body panels

Cabin front
Cabin floor.
underfloor systems

parcel shelf

Floor luggage
compartment

Figure 14.3  Automotive materials applications. Source: Todor et al. (2016).
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 ● Phase 2.
 – Production layout may affect part design with more ECOs.

 ● Phase 3.
 – Production begins with part design modified based on manufacturing needs.

14.5   Plastic Guidelines for Injection Molding

When designing parts for injection molding, the manufacturing process is an 
important consideration. Injection molding is a process in which solid thermo-
plastic resin pellets are melted, injected into a mold, and then cooled back to a 
solid state in a new form. During both the injection and cooling stages of the 
manufacturing process, there are several factors that may affect the quality of the 
final product and the repeatability of the manufacturing process. The following 
recommendations are some of the most fundamental guidelines when designing 
parts for injection molding:

 ● Wall thickness should be less than 5 mm.
 ● Keep wall thickness constant throughout part.
 ● Avoid gating near an area with large variations in wall thickness.

1000
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Composites
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Figure 14.4  Tensile modulus versus density for several automotive materials. Source: 
Material modulus (2020).
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 ● Parts will fill from thick regions to thin regions that can cause race tracking of 
the plastic that can cause dry areas.

 ● Inside radius should be at least 50% of nominal wall thickness.
 ● Outside radius should be nominal wall thickness plus the inside radius that can 

be 150% of nominal wall.
 ● Avoid sharp corners in bosses and in the part.
 ● Maximum rib thickness should be 0.5 × 0.75 of nominal wall thickness.
 ● Ribs should have a draft angle of at least ½ inch per side.
 ● Maximum rib height should not be greater than three times the nominal wall 

thickness.
 ● Draft angle should be at least ½ inch per side (RTP Design guidelines 2020).

The advantages and disadvantages of plastics are shown in Table 14.1.
Material selection is based on properties that can be found at www.matweb.com. 

Figures  14.5 and  14.6 show the MatWeb website and some example properties. 
Material selection is based on properties that can be found at www.prospector.com. 
Figures 14.7 and 14.8 show the Prospector website and some example properties.

Table 14.1  Advantages and disadvantages of plastics.

Advantages

 ● Ease of molding with fast cycle times

 ● Low density

 ● Low material cost due to fast cycle times

 ● Little or no corrosion

 ● High strength- to- weight ratio

 ● High stiffness- to- weight ratio

 ● Low thermal conductivity

 ● High electrical resistance

Disadvantages

 ● Low compression strength

 ● Low bearing strength

 ● Low shear strength

 ● High temperature limitations

 ● Warpage due to differential shrinkage

 ● Weathering in some environmental conditions

 ● Low crazing in some plastics

 ● Low fatigue strength

 ● Shrinkage after molding, especially with Polyoxymethylene (Delrin)

http://www.matweb.com
http://www.prospector.com
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Figure 14.5  Matweb website. Source: Matweb (2020).

Figure 14.6  MatWeb mechanical properties of PP. Source: MatWeb (2020).
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14.6   Plastic Prototypes and 3D Printing

Prototypes can be made to simulate production part. Prototypes must simulate a 
part with fit, form, and function. The fit is that the prototype part must have the 
same shape as the production part and fit in the assembly like the production part 
would. The form of the prototype part is that it must fit in the same way as the 

Figure 14.7  Prospector website. Source: Prospector (2020).

Figure 14.8  UL prospector mechanical properties of PP. Source: Prospector (2020).
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production part. The function is that the prototype part must have similar 
mechanical properties or test performance as the production part. The choices for 
a prototype part are that it can be made with the following:

 ● 3D printing of ABS, PC, PETG, or PLA.
 ● Composite mock- up with fiberglass and polyester.

 – Need a mold to be produced from epoxy, aluminum, and kirksite.
 ● Part cast with polyurethane, acrylic, and other castable resin.

 – Need a mold to be produced from EPDM, rubber, and aluminum.

Rapid prototyping is a process of building objects during the design phase to 
have a 3D object to check for fit, form, and function. The rapid prototype will help 
you visualize the dimensions of the part and see if 3D object is desired. The object 
is made from the solid model geometry in a stereolithography file. Stereolithography 
represents the 3D object as a shell of the part that is broken into triangles. Rapid 
prototype process can bring a design on the computer to 3D shape in a matter of 
minutes to hours. The process involves CAD system to digitizer to rapid part as 
shown in Figure 14.9.

Additive manufacturing is another term for 3D printing. It refers to a series of 
processes that allows the creation of parts and components in an additive instead 
of a subtractive manner. Car components are created layer by layer in a plastic 
extrusion process rather than machining the parts out of metal. Additive 

Figure 14.9  3D printing for the automotive industry. Source: 3- D printing (2020).
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manufacturing would be used in the prototyping phase to make parts that are 
similar to the production part. The parts can be assessed for fit and for to see how 
the parts look and connect together. The quality of the plastic part though is low 
and does not have the mechanical properties of the injection molded part. So, the 
function could not be assessed. Additive manufacturing offers many benefits, 
including

 ● More design freedom
 ● Parts consolidation
 ● Low mass materials
 ● Parts consolidation
 ● Increased customization

14.7  SolidWorks Flow Simulation

Injection molding can be used to make plastics parts for the cars. SolidWorks sim-
ulator is useful for plastic parts.

Design of part can be aided with simulation of the injection molding process. 
Moldflow is a useful tool that is a part of Autodesk/AutoCad. SolidWorks simula-
tor is useful for plastic parts/designing plastic part simulation of

 ● mold filling distribution,
 ● pressure flow distribution,
 ● temperature distribution, and
 ● warpage distribution.

Design tool of the part includes the following:

 ● Venting
 ● Gates and runners
 ● Slides

14.8  Design for Manufacturing (DFM) with Plastics

Designing for manufacturing is an essential component of design for plastic parts. 
This includes the following:

 ● Use of standards
 ● Use of common components
 ● Design to specifications and tolerances
 ● Use of manufacturing guidelines in the early stages of design that maximize 

quality of manufactured part



14 Design Aspects in Automotive Plastics388

 ● Minimize the use of materials
 ● Minimize the use of floor space in plant
 ● Locate all necessary components near functional operation
 ● Use of automated machining for minimal errors

14.9   Shrinkage in Plastics

Control of shrinkage is another essential component of the plastics design. Note 
that shrinkage for plastics are listed in Tables 14.2, 14.3, and 14.4. The effects of 

Table 14.2  Shrinkage and moisture growth for plastics.

Material
Thermal expansion 
(mm/mm K−1 × 106)

Mould 
shrinkage (%)

Water 
absorp. (%)

ABS (rigid) 80 0.3–0.8 0.3

Acetal 80 2.0–3.5 0.2

Cellulose acetate 100 0.3–0.7 2–6

Fluorinated ethylene 
propylene

90 3.0–6.0 0

Nylon 6,6 120 1.5–2.0 1.5

Nylon 6 100 1.0–1.5 1.6

Nylon 11 150 1.2 0.4

Nylon 12 104 1.0 0.3

Polybutyleneterephthalate 90 1.5–2.0 0.2

Polycarbonate 70 0.6–0.8 0.16

Polyethylene (LD) 170 2.0–3.5 0.02

Polyethylene (HD) 120 2.0–3.5 0.01

Polymethylmethacrylate 85 0.1–0.8 0.35

Polypropylene 110 1.5–2.5 0.01

Polyphenylene oxide (modified) 55 0.5–0.7 0.1

Polystyrene (GP) 70 0.2–0.6 0.2

Polystyrene (rubber modified) 120 0.2–0.8 0.2

Polyethersulphone 55 0.6–0.8 0.15

Polyvinyl chloride (rigid) 55 0.1–0.5 0.05

Styrene acrylonitrile 70 0.2–0.5 0.3

Steel 11–13

Source: Plastic mold (2020).
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shrinkage are that the parts are designed with shrinkage included early design 
and before tool build. The shrink rates for common materials are given in 
Table 14.2.

Shrinkage is different for semi- crystalline plastic materials and amorphous 
plastics.

The commodity plastics have typically higher shrinkage than the engineering 
plastics. The effects of shrinkage are sink marks shown in Figure 14.10.

Table 14.3  Shrinkage for semi- crystalline plastic materials.

Typical shrinkage values for semi- crystalline materials

Based on a 1/8″ (3.2 mm) section using ASTM D 955

Material Mold shrinkage (in./in.)

Unfilled Polypropylene (PP) 0.010–0.025

Talc filled Polypropylene (PP) 0.007–0.015

High Density Polyethylene (HDPE) 0.015–0.040

Unfilled Nylon 6 0.005–0.015

Unfilled Nylon 6/6 0.008–0.015

Acetal (POM) 0.020–0.025

Source: RTP Design guidelines (2020).

Table 14.4  Summary of shrinkage for plastic materials.

Material Max. shrinkage (%)

 ● Acetal 2.5

 ● Acrylic 0.8

 ● ABS 0.8

 ● Nylon 1.5

 ● PC 0.7

 ● PE 5.0

 ● PP 2.5

 ● PS 0.6

 ● PVC rigid 0.5

 ● PVC flexible 5.0

Source: RTP design guidelines (2020).



14 Design Aspects in Automotive Plastics390

14.10  Design Guidelines

Several types of gates are available for injection molding. These can include edge, 
fan, submarine, flash, tunnel, ring, diaphragm, disk, or sprue gate as shown in 
Figure 14.12. Key design considerations for a gate are as follows:

 ● Not on a show surface
 ● Not near a structural member or hole or fastener
 ● Minimize flow length
 ● Minimize the number of weld lines
 ● Gate thick to thin

The gate is usually thinner than the part thickness in injection molding. 
Typically, the wall thickness for injection molding is 2–3 mm. It is important to 
have constant wall thickness in the part. If thicker sections are required, then it is 
important to have transitions from thick to thin regions. The thicker regions can 
have gentle and no sharp transitions as shown in Figure 14.12. The design guide-
lines for injection molding are as follows:

 ● Holes
 – Holes are possible with slides but can cause weld lines
 – Minimum spacing between two holes or a hole and a sidewall should be 1D
 – Should be located 3D or more from the edge of a part to min stresses
 – Through hole is preferred to a blind hole because core pin that produces hole 

can be supported at both ends and is less likely to bend
 – Holes in bottom of part are better than holes in side, which requires retract-

able core pins

Figure 14.10  Sink marks 
in plastic molded parts. 
Source: Sink marks (2020).
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 – Blind holes should not be more than 2D deep
 – Use steps to increase the depth of a deep blind hole
 – For through holes, cutout sections in the part can shorten the length of a 

small- diameter pin
 – Use overlapping and offset mold cavity projections instead of core pins to 

produce holes parallel to the die parting line (perpendicular to the mold- 
movement direction).

The sprue must not freeze before any other cross- section. This is necessary to 
permit sufficient transmission of holding pressure. The sprue must demold 
easily and reliably. Common runners are shown in Figure  14.11 and 
shown below.

The runners include the following:

 ● Full- Round Runner
 – The best in terms of a maximum volume- to- surface ratio, which minimizes 

pressure drop and heat loss
 – Tooling cost is generally higher because both halves of the mold must be 

machined so that the two semi- circular sections are aligned when the mold 
is closed

 ● Trapezoidal Runner
 – Works well and permits the runner to be designed and cut on one side of the 

mold. Commonly used in three- plate molds and at the parting line in molds, 
where the full- round runner interferes with mold sliding action

 – Hydraulic diameter and flow resistance
 – To compare runners of different shapes, you can use the hydraulic diameter, 

which is an index of flow resistance

Full
Round

Half
Round

Quarter
Round

Parabolic Trapezoid Wide
Trapezoid

Not recommended

Figure 14.11  Injection molding runners. Source: Runners (2020).
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 – The higher the hydraulic diameter, the lower the flow resistance Hydraulic 
diameter can be defined as:

 – Equivalent hydraulic diameters, shown in Figure 14.12.
 ○ Dk = 4A/P,
 ○ Where,

 ■ Dk = hydraulic diameter
 ■ A = cross- section area
 ■ P = perimeter

Runners provide a distribution system for the resin from the sprue to the cavi-
ties. Runners must be large enough to fill the cavities even with the resin cooling 
along the runner walls. Materials with high viscosity (low MFR) runners should 
be large enough to prevent gate freeze- off, e.g., PC has a large viscosity and should 
have a larger runner than nylon that has a low viscosity. Runners should be 
designed to minimize shear, e.g., acetal can decompose if subjected to excessive 
shear. Length of runner should be minimized. When secondary runners are used 
in multi- cavity molds, the flow should be streamlined. Streamlining the runners 
minimizes the shear stress on the plastic.

When the same part is made in a multicavity design, the runners should be bal-
anced and fill at the same time with similar pressures. When cavities are 
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H
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Figure 14.12  Equivalent hydraulic diameters for runners. Source: Hydraulic 
diameter (2020).
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producing different parts, balanced runner design is more complicated and flow 
analysis should be used. Runner balancing is an essential for a balanced filling 
pattern with a reasonable pressure drop. Payoffs of good runner design. A runner 
system that has been designed correctly will

 ● achieve the optimal number of cavities,
 ● deliver melt to the cavities,
 ● balance filling of multiple cavities,
 ● balance filling of multigate cavities,
 ● minimize scrap,
 ● eject easily,
 ● maximize efficiency in energy consumption, and
 ● control the filling/packing/cycle time.

There are several types of runner systems available for plastics, as shown in 
Figure 14.13. It is important not to flow directly into the mold but instead have a 
right angle turn at the entrance to the mold. This prevents stretching of the plastic.

Runner balancing is also important for plastics with larger runners needed for 
larger parts and smaller runners for 
smaller parts in a family- type mold. 
This will help the part will fill evenly 
at the proper time. This is shown in 
Figure 14.14.

Gate design is important parameter 
for good quality injection molded 
parts. The gate can be single or multi-
ple gates. The single gate is usually 
desirable because multiple gates have 
weld lines. The gate thickness is usu-
ally two- thirds the part thickness. The 
gate thickness controls packing time. 
Typically, a larger gate is preferred for 
better appearance, low residual stress, 
and better dimensional stability. The 
gate location is positioned away from 
load- bearing areas. The position of 
the gate is away from the thin section 
areas or regions of sudden thickness 
change to avoid hesitation and sink 
marks. The gate types are manually 
trimmed or automatically trimmed 
gates. The manually trimmed gates 

The standard (herringbone) runner system

The "H "(branching) runner system

The radial (star) runner system

(Poor Design) (Better Design)

Figure 14.13  Runner types for injection 
molding. Source: Herringbone 
runners (2020).
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are cheaper and requires an operator to separate parts from runners during a sec-
ondary operation. The types include sprue, tab, edge, overlap, fan, disk, ring, film, 
diaphragm, and spider gates. The automatically trimmed gates incorporate features 
in the tool to break or shear the gate. They should be used to

 ● avoid gate removal as a secondary operation,
 ● maintain consistent cycle times for all shots, and
 ● minimize gate scars.

The types include sprue, fan, tunnel, ring, tab, pin, submarine, and others. 
Types of gates are shown in Figure 14.15.

The edge gate is a small rectangular opening at end of runner channel. The cost 
of edge gate is low. The submarine gate starts from the edge of the runner and 
goes into cavity edge at an angle. Gate is sheared off at part ejection. This can cre-
ate high shear stress in the part. The cost is higher than edge gate. The tab gate is 
formed by connecting the runner directly into the cavity with no reduction in 
runner cross- section. It is used for large parts. The fan gate is made by reducing 
only the thickness and not the diameter of the runner channel as it goes into the 
cavity. It can be used for parts of intermediates size and when reinforcements 
can’t flow though edge gate. The ring gate is used to make hollow cylinder parts. 
It covers the entire top of the cylindrical part so the resin flow is downward into 
the walls of the part. It is used to minimize weld lines.

Type : Shell
Element : 37721
Node : 18791
Material : -
Product :  (P) Asahi Chemical/STYLAC 120

1.7347

1.3879

1.0412

0.8944

0.3476

7.827e-004

z

Sec

Figure 14.14  Runner balancing for plastics. Source: Runner balancing (2020).



14.10 Design  uiielines 395

The gate location should be at the thickest area of the part, preferably at a spot 
where the function and appearance of the part are not impaired and should be 
central so that flow lengths are equal to each extremity of the part. The gate should 
be symmetric to avoid warpage. It should be vented properly to prevent air traps. 
The gate should be large enough to avoid jetting. It should be positioned so that 
the weld and meld lines are minimized.

The gate length should be as short as possible to reduce an excessive pressure 
drop across the gate. The gate length ranges from 1 to 1.5 mm (0.04–0.06 inches). 
The gate thickness is normally 50–80% of the gated wall section thickness. Pin and 
submarine gates range from 0.25 to 2.0 mm (0.01–0.08 inches). The freeze- off time 
at the gate is the maximum effective cavity packing time. Fiber- filled materials 
require larger gates to minimize breakage of the fibers.

 ● Gate is the end of the runner and the entry path into the cavity.
 – Shape of gate strongly affects the ease with which the part is removed from 

the runner system.
 – Gate is the most restricted point in injection path and first to freeze- off.
 – Designs

 ● Gate Design Overview
 – Single versus multiple gates

 ○ Single gate is usually desirable because multiple gates have weld lines.
 ● Gate dimension

 – The gate thickness is usually two- thirds the part thickness.
 – The gate thickness controls packing time.
 – Chose a larger gate if you’re aiming for appearance, low residual stress, and 

better dimensional stability.

Sprue gate Fan gate Tunnel gate

Pin gateTab gateRing gate

Figure 14.15  Types of gates for injection molding. Source: Types of gates (2020).
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Structural integrity is the goal of every design. The major component of 
 designing for structural integrity, in many cases, is to design the structure to be 
stiff enough to withstand expected loads. Increasing the thickness to achieve this 
is self- defeating, since it will

 ● increase part weight and cost proportional to the increase in thickness,
 ● increase molding cycle time required to cool the larger mass of material, and
 ● increase the probability of sink marks.

Well- designed ribs can overcome these disadvantages with only a marginal 
increase in part weight (Ribs 2020). Typical uses for ribs are as follows:

 ● Covers, cabinets, and body components with long, wide surfaces that must have 
good appearance with low weight.

 ● Rollers and guides for paper handling, where the surface must be cylindrical.
 ● Gear bodies, where the design calls for wide bearing surfaces on the center shaft 

and on the gear teeth.

Frames and supports can improve structural integrity of the part. The major 
component of designing for structural integrity, in many cases, is to design the 
structure to be stiff enough to withstand expected loads. Increasing the thickness 
to achieve this is self- defeating, since it will

 ● increase part weight and cost proportional to the increase in thickness,
 ● increase molding cycle time required to cool the larger mass of material, and
 ● increase the probability of sink marks.

Well- designed ribs can overcome these disadvantages with only a marginal 
increase in part weight. Keep part thickness as thin and uniform as possible.

 ● This will shorten the cycle time, improve dimensional stability, and eliminate 
surface defects.

 ● If greater stiffness is required, reduce the spacing between ribs, which enables 
you to add more ribs.

Rib geometry is an important aspect of good quality injection molded parts. Rib 
thickness, height, and draft angle are related: excessive thickness will produce 
sinks on the opposite surface whereas small thickness and too great a draft will 
thin the rib tip too much for acceptable filling. Ribs should be tapered (drafted) at 
one degree per side. Less draft can be used, to one- half degree per side, if the steel 
that forms the sides of the rib is carefully polished. The draft will increase the rib 
thickness from the tip to the root, by about 0.175 mm per centimeter of rib height, 
for each degree of draft angle. The maximum recommended rib thickness, at the 
root, is 0.8 times the thickness of the base to which it is attached. The typical root 
thickness ranges from 0.5–0.8 times the base thickness.
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Ribs aligned in the direction of the mold opening are the least expensive design 
option to tool.

 ● As illustrated in Figure 14.16, a boss should not be placed next to a parallel wall; 
instead, offset the boss and use gussets to strengthen it.

 ● Gussets can be used to support bosses that are away from the walls. The same 
design rules that apply for ribs also apply for gussets.

As shown in Figure 14.17, ribs can take the shape of corrugations. The advan-
tage is that the wall thickness will be uniform and the draft angle can be placed on 
the opposite side of the mold, thereby avoiding the problem of the thinning rib tip.

Honeycomb ribbing attached to a flat surface provides excellent resistance to 
bending in all directions. A hexagonal array of interconnected ribs will be more 
effective than a square array, with the same volume of material in the ribs. Bosses 
are protruding pads that are used to provide mounting surface or reinforcements 
around holes. They use the same guidelines as for ribs.

Undercuts are required for sliding cores, split molds, or stripping plate. Shallow 
undercuts may be strippable from mold without need for core pulls. When you 
have holes or bosses on the side wall, it is difficult to demold the part. The molded 

BOSS DESIGNED WITH
COMPROMISES FOR
MOLDING AND STRENGTH

BOSS DESIGNED TO
MOLDER'S GUIDELINES

BOSS DESIGNED TO SCREW
VENDOR'S RECOMMENDATIONS

SINK MARKS

Figure 14.16  Bosses for injection molding. Source: Bosses (2020).
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part has to move laterally. This is called undercuts. The undercut is referred to as 
a slider or lifter. An example of an undercut for common materials is shown in 
Figure 14.17.

Molded screw threads should be avoided if possible. They use a core that is 
rotated after molding is complete to unscrew part. Put axis of the screw at the 
parting line of the mold. Make threads few, shallow, and of rounded form as 
shown in Figure 14.18.

Guide pin

Slider

Cavity

Product

CoreLimited

Before Mold
Opening

After Mold
Opening

Figure 14.17  Undercuts with injection molding. Source: Undercuts (2020).

PULLOUT TORQUE OUT

Pullout is the force required to
pull the insert from the sheet.

Torque-out  is the torque required to
turn the fastener in the parent material
after installation without inducing
clamp load on the fastener.

Figure 14.18  Screw threads. Source: Screw threads (2020).
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Inserts are useful and practical to provide reinforcement where stresses exceed 
the strength of the plastic. Sharp corners should be avoided. Recommended 
designs are shown in Figure  14.18. Lettering and surface decorations can be 
injection molded. Lettering in the part should be raised. Lettering should be 
perpendicular to the parting line of the mold; otherwise, there will be an 
undercut.

Draft angles are needed to assist in demolding. Common draft angles for materi-
als are shown in Table  14.5. Draft angles are needed to mold part. The rule of 
thumb is an increase in dimension per degree of draft. Minimum draft angle is 
0.125 degree and typical draft angle is 2 degrees.

Design parts with a minimum of ½° per side draft in order to accommodate 
easier ejection from the mold. Typically, injection molded parts have 1° to 2° draft 
angle. 3° is usually the maximum for draft angle. Sharp corners should be avoided 
as they add stress to polymer. Fillets and radii should be generous as possible. 
Desirable minimum is 0.5 mm and preferable minimum is 1.0 mm.

Surface polish and textures are possible with plastic parts. High gloss finishes 
are feasible but can accentuate sinks and blemishes. Dull, matte, or textured sur-
faces are preferred. Flat surfaces are feasible but prone to show irregularities than 
gently curved surfaces that are preferred. Molding parting line is the line created 
when the two mold halves come together. It should be straight as the two mold 
halves come together in one plane. Offset dies may help avoid appearance defects, 
as shown in Figure 14.19.

Table 14.5  Draft angles of plastic materials.

Plastic type Draft angle

Polycarbonate (PC) 1–2°

Polystyrene (PS) >0.5°

Polyarylsulfone (PSU) 1–2°

Polyarylethersulfone (PES) 1–2°

Liquid crystal polymers (LCP) >0.5°

Polybutyleneterephthalate (PBT) 1–1.5°

Polyethyleneterephthalate (PET) 1–1.5°

Acrylonitrile/Polybutadiene/Styrene (ABS) >0.5°

Polymethylmethacrylate (PMMA) >1–2°

Polyethylene (PE) >0.7–0.8°

Polypropylene (PP) >0.7°

Source: Draft angles (2020).



14 Design Aspects in Automotive Plastics400

Dimensional factors and tolerance recommendations are useful for a good plas-
tic part design. Injection molding can have tight tolerances for injection molded 
parts. The factors that affect tolerances are as follows:

 ● Material shrinkage
 ● CLTE
 ● Variations in process settings
 ● Runners and cooling channels are located in incorrect location
 ● Two different materials coming together

Rule of thumb is different plastics can have different tolerance capabilities. 
Low- shrink plastics can have tight tolerances. Glass-  and mineral- filled plastics 
can have tight tolerances.

The shrinkage can be reduced and the plastic warpage can be controlled by 
properly designing the part, mold, and process, as well as through careful material 
selection. Maintain a wall thickness of less than 5 mm because thick walls can 
lead to long cycle times and poor mechanical properties.

 ● Avoid large variations in wall thicknesses in order to simplify flow pattern and 
minimize variations in shrinkage that can lead to warpage. Avoid abrupt 
changes in wall thickness, as this can create stress concentration areas that may 
reduce a part’s impact strength. Wall thickness changes should have transition 
zones that reduce the possibility of stress concentrations, sinks, voids, and warp.

Draft Angle

Parting
Line

Parting
Line

Parting
Line

Parting
Line

Figure 14.19  Parting lines in injection molding. Source: Parting line (2020).
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 ● Avoid gating near an area with a large variation in wall thickness because hesi-
tation and race tracking can create non- uniform flow and shrinkage. The fol-
lowing design rules provide some guidelines for developing low- shrinkage, 
warp- free parts.

 ● Wall thickness: Avoid non- uniform wall thickness or design a transition length 
of three times the thickness of the thinner region as shown in Figure 14.20.

The following design rules provide some guidelines for developing low- 
shrinkage, warp- free parts:

 ● Thick sections: Alter the design to replace thick sections that cause significant 
shrinkage and lead to sink marks or internal voids.

 ● A thin, uniform wall with ribs provides for uniform shrinkage, strength to 
weight ratio, and cost effectiveness.

Due to the shrinkage of the plastic, sink marks, and voids can be created if the 
part is too thick, as shown in Figure 14.21. The part should be redesigned with 
constant wall thickness to minimize sinks and voids in the part.

The following design rules provide some guidelines for developing low- 
shrinkage, warp- free parts.

Balanced Filling

 ● Design the delivery system to provide a balanced filling pattern with a constant 
melt- front velocity

 ● Packing Pressure
 ● While high packing pressure can help reduce the shrinkage, it also potentially 

increases the level of residual stress and the clamp force requirement.
 ● For a better process design, use a proper packing pressure level, allow sufficient 

packing time, and remove the pressure after the gate freezes off.
 ● The packing pressure should be able to deliver additional material to compen-

sate for the volumetric shrinkage in the part.

H
3 × H

Poor Good Good

Figure 14.20  Part thickness transition guidelines. Source: Transition (2020).
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Balanced Cooling System

 ● Design the cooling system to apply uniform, balanced cooling, both across the 
thickness and throughout the part.

Balanced Residual Stress

 ● Reduce residual stress and molecular or fiber orientation by increasing the melt 
temperature, mold- wall temperature, fill time, and cavity thickness, or by 
decreasing the packing pressure and flow path.

14.11   Undercuts

Undercuts are those portions of the part that cannot be pulled in the line of draw. 
If an undercut was to be machined into a mold without a mechanism to relieve it, 
the part would be destroyed upon mold opening or ejection (Undercut design 2020).

Slides are usually used for relieving external undercuts or to allow for zero- 
degree draft on part exteriors. Their motion can be driven by one of several mech-
anisms. Any slide mechanism must also employ a locking device to hold the slide 
against the ravages of molding pressures in excess of 10 000 psi. Undercuts can 
usually be divided into two categories, internal and external. Slides are used to 
pull external undercuts and lifters to pull internal undercuts. Referred to in prud-
ish circles as a cam-pin or anglepin, this is the most common and versatile of 
all slide mechanisms and is shown in Figure 14.22. It is driven by the opening of 
the press. The action of the angled pin withdrawing from the angled hole drives 
the slide back. Springs hold the slide in the retracted position. Upon press closing 
the pecker pin returns to drive the waiting slide back almost to molding position. 

Figure 14.21  Sink marks and voids in injection molding. Source: Sink marks and 
voids (2020).
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Finally, then the lock seats against the back of the slide, driving it to its home 
 position and clamping it there for the duration of the next shot.

Lifters are used primarily for relieving internal undercuts or for zero- draft inter-
nal faces. Their motion is driven by the molding press pushing on the ejector 
plates. A simple side action lifter withdraws at 90 degrees to the line of draw, 
simultaneous with ejection. The angle of the lifter passing through the core fre-
quently confuses the novice into thinking that it pulls the feature at an angle. 
Relative to the core the lifter indeed moves at an angle. Relative to the part, how-
ever, a lifter moves directly sideways because the part is being ejected forward at 
the same rate as the lifter. Slides move in die direction to slide a piece of tooling 
away from part that is used for holes, slots, or openings. Lifters move in die direc-
tion to lift the part and free an undercut or “in- turn” flange.

14.12  Mold Stack Design

Molds are designed as two-  or three- plate molds, depending on the type of compo-
nent to be manufactured. Mold construction depends on the shape of the compo-
nent, which determines the parting line selection, runner and gate selection and 
component ejection system selection. Polymer flow analysis is used to determine 

Figure 14.22  Cam- pin or angle pin. Source: Undercut design (2020).
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the location of runners, gates, and injection. The mold base size depends on 
 component size and number of cavities to be planned per mold. Stack molds are a 
series of molding faces “stacked” together to create multiple faces or levels for 
molding. Each level or face is a parting line and produces molded product. The 
benefit of stack molding is to increase the output of a given molding machine and 
operation. There are five steps to proper mold stack design (Stack mold 2020).

Step 1: Venting

 ● Rule 1: Vent to suit anticipated flow of plastic at all points remote from gate.
 ● Rule 2: Vent at closed end of all pockets, any area not in the direct plastic stream. 

Ejector pins, slides, and the parting line provide natural vent locations.
 ● Rule 3: Vents should be large as possible, without causing flash.
 ● Rule 4: Vents are needed in areas where flow changes direction. Ribs and bosses 

are particularly troublesome for trapped air and need to be vented with the 
insert or slide used.

 ● Rule 5: Vent should be moving and open with every time opens, e.g., ejector 
pins. Good practice to pressurize stationary vent pins or slots to flow air.

 ● Rule 6: Vent in land area between cavity and core may be blocked by clamp 
forces deforming metal.

 ● Rule 7: Every vent must vent to the outside. If not, then use of vent grooves and 
channels must be provided.

Step 2: Ejection

 ● Select and detail method, i.e., stripper, ejector, pins, sleeves, and air poppets.

Step 3: Cooling

 ● Mold is a heat exchanger
 ● Want even distribution of the heat in the mold during cooling
 ● Select appropriate number, diameter, and location of cooling channels

Step 4: Alignment

 ● Mold cavity and core close together
 – Use mold shoes and leader pins
 – Use tapers, wedges, or pins for cavities and cores

Step 5: Balancing of Runners

 ● Balanced flow into the cavities is a prerequisite for a quality part. This can be 
achieved by changing the runner size and length.

 ● Whenever possible, a naturally balanced runner system should be used to balance 
the flow of material into the cavities. If a naturally balanced runner is not possible, 
then the runner system should be artificially balanced, as shown in Figure 14.14.
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14.13  Mold Costs

Costs of mold are dependent upon the following:

 ● Size of part
 – For example, 7 ft long × 2 feet wide P- 20 steel tool costs ~$300 000 (bumper)
 – For example, 10 inches × 8 inches mud tool costs ~$15 000

 ● Number of cavities
 ● Number of slides and lifters
 ● Tolerance of dimension
 ● Finish and gloss on mold
 ● How much is the tool polished
 ● Time for machining and plunge EDM
 ● Mold material type:

 – P- 20 Pre- hard steel. Rc 29- 36. The most common tool steel used, and it is a 
favorite among mold makers for its durability and machining qualities.

 – H- 13 Air hard steel. Rc 46- 54. Great for high production cavities and cores, 
slide bodies, lifters, and gibs.

 – S- 7 Air hard steel. Rc 54- 56. Used for many of the same applications as H- 13; 
however, somewhat less stable and more prone to cracking. Great for long 
wearing gibs and guides.

 – M- 2 High speed steel. Rc 60- 62. Used where tough rigidity is required such as 
tall thin core pins or blades.

 – 420 SS stainless steel. Rc 49- 53. Best for achieving high polish finishes. Also 
for corrosive polymers such as PVC.

 – Beryllium Copper. Primarily used for inserting small areas in tools that may 
be prone to overheating. The thermal characteristics of beryllium copper 
make it the best choice for wicking heat out these areas.

 – 7075 T- 6 Aluminum. Generally used for short run or prototype tooling; how-
ever, the hardness, wear resistance, and ability to take a good polish have 
caused many a short run mold to outlast its projected life.

 – Lamina. “Lamina” is a name brand material that is used to wear plates. This 
material is a bronze over steel laminate that imparts long life to moving parts 
with a minimum of lubrication. In addition to wear plates, it is commonly 
used for large locking surfaces.

 ● Productivity (number of parts per minute)
 ● Number of cavities
 ● Quality of cooling
 ● Cycle time (seconds per part)
 ● Speed and timing of ejection; Strength and durability of the mold
 ● Number of cavities
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 ● Mold cost is determined by cost of mold/total number of parts
 – Example,

 ○ Container mold is built for $50 000 and is expected to produce 5 million 
parts. Machine costs are $100 per hour.

 ○ Cycle time is 10 seconds per part in single cavity tool.
 ○ Mold cost is $50 000/5 000 000 = $0.0100 per part.
 ○ Dual cavity costs $80K
 ○ Mold cost is $80 000/5 000 000 = $0.0160 per part.
 ○ Mold cost is $30 000 more expensive than single cavity mold.

 ● Machine cost is cost per number of parts per hour.
 – Single cavity = 1 part per 10 seconds or 360 parts per hour = $100/360 = $0.2778 

per part
 – Dual cavity = 2 parts per 10 seconds or 720 parts per hour = $100/720 = $0.1289 

per part.
 – Savings = $0.1289/part * 5 million parts = $644 500 over life of tool

Multicavity molds require fewer molding machines and thus less floor space.
Cycle time can increase with multicavity molds. Recovery time: time required for 

the extruder to prepare the plastic for the next cycle. More cavities to fill typically 
require more time, especially, for large shots. Injection time: time required to inject 
resin. Volume of resin required is higher though not exceed machine rating. Pressure 
drop is affected by number of cavities. Wherein, more cavities equal longer flow 
length and higher pressure. Other plant operates related to multicavity molds. Mold 
stoppages are due to sloppy molding conditions. Housekeeping is needed for preven-
tative maintenance. Power supply disruptions can cause mold stoppage. Quality of 
cooling can cause disruptions if mold gets too hot. There is a need for efficient heat 
transfer to remove heat from plastic and keep cooling time low and cycle time low.

The cost of the molds are also dependent upon the following:

 ● Speed and Timing of Ejection.
 – Ejection time is lost time, similar to mold open and close
 – Try to eject during mold opening time
 – Free fall ejection requires more stroke and time than Husky “guide shuts,” 

which are more expensive
 ● Strength and durability of mold.
 ● Productivity depends upon the quality of the mold.
 ● Quality of the part starts with the quality of the mold.
 ● Properly maintained and built mold should last 2–3  million parts (less with 

glass filled materials).

The cost of injection molds can be reduced with the use of Master Unit Dies 
(MUD) molds. MUD dies can cost about $5000 for a 6 × 9 × ½ inch MUD base. An 
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injection mold of that size can cost up to $30 000. They are the frames that the A 
and B side molds are inserted into. The A side is the side near in injection unit. 
Typically, the A side will have the part design machined into it. The B side is the 
back side of the mold and typically has the ejector pins. Like the A side, the part 
is machined into the B side. The use of the MUD dies will enable less machining 
so that the tool is cheaper (DME design guideline 2020). MUD dies enable quick 
change of dies. Several dies can be built to use the same MUD die. When a product 
is needed, the A and B sides of the new mold are inserted into the MUD base and 
then production can start. The smaller production run allows the customers to 
provide customized products through and optimized supply chain. The low 
investment cost and operating cost are combined for savings in inventory. 
Figure 14.23 shows an example of an MUD die.
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The future of sustainable plastics can be described as excellent growth, especially 
for biobased plastics. In 2010, bioplastics comprised less than 1% of the 181 mil-
lion metric tons of synthetic plastics (Nampoothiri et al. 2010). Biobased polymer 
production capacity increased from 3.5 million tons in 2011 to 12 million tons in 
2020. Bioplastics are expected to comprise 3% of the global polymer production in 
2020 (Nova 2013). A market boom is expected for biobased and sustainable plas-
tics in the next few years with production capacities to increase by more than 30% 
by 2035 (Future market for bio- based plastics 2021). Other sources claim that sus-
tainable plastics will comprise more than 15% of plastic production by 2030 (Bio- 
based plastic capacity 2021).

North America is expected to had modest gains from 159 000 tons in 2011 to 
202 000 tons in 2016 (Environmental Leader Calculations 2012). The largest gains 
are expected for South America and Asia due to better access to agricultural feed-
stock and a favorable political framework (Nova 2013).

The growth in bioplastics can be supported by the development of biobased 
plastics from non- food- based agricultural sources, the development of durable 
products in addition to biodegradable products, and the development of new 
biobased chemicals for thermoplastic and thermoset polymers.

15.1  Sustainable Biobased Plastics Made from 
Renewable Sources

Global production of polyhydroxyalkanoates (PHA) and poly lactic acid (PLA) is 
expected to quadruple in capacity from 2011 to 2020. PHA is expected to be pro-
duced in 14 companies at 16 locations in 2020. PLA is expected to be produced in 
27 companies at 32 locations in 2020 (Nova 2013).

15

Future of Sustainable Plastics
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PHA and PLA are both produced from sugars that are generated from starchy 
agricultural sources, or biomass. Currently, corn starch or sugarcane can be 
used to produce the biopolymers through bacterial synthesis. In 2009, approxi-
mately, 190 billion bushels of corn were produced in the United States. Of that 
as shown in Figure  15.1, approximately 44% of the corn is used as livestock 
feed, approximately 22% of the corn is used for effective ethanol production, 
approximately 13% of the corn is exported, approximately 11% of the corn is 
used for other purposes, and approximately 9% of the corn is used for human 
food, seed, and industrial use (National Corn Growers  2013). In the world, 
approximately, 60% of the harvested agricultural biomass is used for animal 
feed, 32% for human food, 4% for material use, and 4% for energy use (Carus 
and Dammer 2013).

Future sources of sugars can come from plant oils, lignocellulose, natural gas, 
and agricultural waste products. In 2008, 10 billion tons of biomass were har-
vested worldwide. In 2008, 60% of the worldwide agricultural land was used to 
produce animal feed, 32% of the agricultural land was used to produce agricul-
tural products for food, 4% was used for the creation of materials, and 4% was used 
for the creation of energy. The materials use included raw materials for the pro-
duction of biobased plastics and chemicals (Nova Food 2013).

Table  15.1 lists the production yields and products from the fermentation of 
sugars from agricultural sources. Combustion of bagasse fibers can provide suffi-
cient power and heat requirements for a typical sugar mill (Audsley and 
Wilkinson 2014).

CORN USAGE BY SEGMENT 2020
(million bushels)

FEED & RESIDUAL
5,650 million bushels (38.7%)

EXPORTS
2,550 million bushels (17.5%)

FSI
Ethanol-Fuel
3,875 million bushels (26.6%)

FSI
Ethanol-Animal Feeds
1,075 million bushels (7.4%)

FSI
Other

1,425 million bushels (9.8%)

High-Fructose Corn Syrup
425 million bushels (2.9%)

Sweeteners
355 million bushels (2.4%)

Starch
230 million bushels (1.6%)

Cereal/Other
215 million bushels (1.5%)

Beverage/Alcohol
170 million bushels (1.2%)

Seed
30 million bushels (0.2%)

TOTAL DISAPPEARANCE
14,575
MILLION BUSHELS

= 25 million bushels

Figure 15.1 Corn utilization in the United States for 2020. Source: USDA (2021).
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Table 15.1 shows that sugarcane and beets produce the most amounts of annual 
sugar and agricultural residues per hectare. Corn produces the most green house 
gas (GHG) emission and nitrous oxide (NO2) emission per hectare. PLA can be 
made with starchy biomass and other natural waste products. The production of 
PLA from starchy substrates can yield a range of lactic acid production.

Table 15.2 provides a list of starch and lignocellulosic substrates for the produc-
tion of lactic acid (John et al. 2008).

Table 15.2 shows that cellulosic materials are a viable carbon source for bioplas-
tic production. Sugarcane bagasse can be used to produce lactic acid (John 
et  al.  2005). PLA biorefinery system is economically viable with reduced GHG 
emissions with the use of agricultural residues.

Table 15.2 illustrates that cassava bagasse and whole wheat produce equivalent 
sugars and lactic acid as corn starch. Cellulose produces less sugars and lactic acid 
than corn starch.

The costs of the biorefinery depend greatly on the production levels of the man-
ufacturing operation. PLA production from short rotation wood leads to a positive 
gain of land use per year in Europe (Dornburg et al. 2006).

Table 15.1 Production yields and products from the fermentation of sugars 
from agricultural sources.

Crop

Yield DM ME CP GHG, kg CO2e per

t/ha g/kg MJ/kg DM g/kg DM kg GJ ME kg CP £ value

Winter bread wheat 7.7 860 13.6 130 0.51 0.044 4.56 3.00

Winter teed wheat 8.1 860 13.6 116 0.46 0.039 4.61 2.83

Winter barley 6.5 860 13.2 123 0.42 0.037 3.97 2.57

Spring barley 5.7 860 13.2 116 0.38 0.033 3.81 2.38

Winter oilseed rape 3.2 930 23.1 212 1.05 0.049 5.33 3.42

Sugar beet 63.0 220 13.2 68 0.04 0.015 2.87 1.25

Main- crop potatoes 52.0 200 13.3 93 0.14 0.053 7.53 2.57

Second- early potatoes 48.0 200 13.3 93 0.10 0.038 5.38 2.90

Field beans 3.4 860 13.3 298 0.51 0.045 1.99 1.98

Soya beans 2.4 860 14.5 415 0.70 0.056 1.96 2.13

Maize grain 7.2 860 13.8 102 0.38 0.032 4.33 2.43

Forage maize (DM) 11.2 280 11.0 101 0.30 0.027 2.97 1.91

DM = dry matter, ME = metabolisable energy, CP = crude protein. Concentrations of DM, ME, 
CP from Thomas, 2004.
Source: Audsley and Wilkinson (2014).
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Table 15.2 Starchy and cellulosic substrate materials for production of lactic acid.

Substrate 
cone (g/l)

Starch 
content (g/l)

Fermentation 
time (d)

Substrate (starch) 
degraded (g/l)

Lactic acid 
produced (g/l)

Lactic acid 
yield (g/g)a

Sorghum 
flour

20 13.6 2 12.6 11.6 0.92

60 40.8 4 33.0 29.4 0.89

100 68.0 6 35.3 28.7 0.81

CD at 5% — — 1.7 3.5 0.03

Cassava flour

20 16.5 2 15.2 14.0 0.92

60 49.4 4 38.1 33.6 0.88

100 82.0 6 37.0 30.3 0.82

CD at 5% — — 1.6 3.7 0.03

Wheat flour

20 13.8 2 12.6 11.7 0.93

60 41.4 4 33.2 29.9 0.90

100 69.0 6 35.8 29.0 0.81

CD at 5% — — 2.6 3.3 0.01

Rice flour

20 15.6 2 14.3 13.0 0.91

60 46.8 4 35.9 30.9 0.86

100 78.0 6 36.9 29.5 0.80

CD at 5% — — 2.0 2.6 0.01

Barley flour

20 13.8 2 12.6 11.3 0.90

60 41.4 4 31.8 27.3 0.86

100 69.0 7 31.5 25.5 0.81

CD at 5% — — 2.6 3.2 0.01

CD at 5% —  confidence difference was arrived at 5% level of significance for comparison of any 
combination or two mean values.
a g/g —  gram lactic acid per gram substrate (starch) utilized.
Source: John et al. (2005).
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PHA can be produced with sugarcane bagasse, waste cheese whey, starchy 
waste water, and from renewable oil- palm biomass (Yu  2001; Albuquerque 
et al. 2007; Obruca et al. 2010; Hassan et al. 2013).

A review of the PHA production method with carbon- rich wastes provides 
promising economic promise for reduced environmental impacts with less land 
use and food crop use (Nikodinovic- Runic et al. 2013).

15.2  Sustainable Traditional Plastics Made from 
Renewable Sources

Traditional plastics can be made from agricultural products, including poly ethyl-
ene terephthalate (PET), poly butylene terephthalate (PBT), nylon 6, nylon 10, 
and acrylics. The largest interest has occurred with the biobased PET bottle. 
Currently, Coca- Cola introduced a biobased PET bottle, for example, Plant Bottle, 
with 30% biobased and 70% petroleum based (After Dasani Test 2009). PET bottles 
are made typically from 30% monoethylene glycol (MEG) and 70% terephthalic 
acid. The MEG can be made with biobased sources and the terephthalic acid is 
made from petroleum sources. The production capacity of the 30% bio- PET bottle 
is 452 000 tons. Coca- Cola plans to launch a 100% PET bottle in the future (The 
Race to 100% bio- PET 2012).

Cradle- to- gate nonrenewable energy use from producing traditional polymers 
with agricultural product sources is listed in Table 15.3. The energy to produce 
polyethylene is lowest for sugarcane than for corn, sugar beet, or wheat. The resi-
dues from sugarcane processing into sugar are converted into energy resulting in 
a negative energy use for the production of polyethylene from sugarcane. In all 
cases, the production of polyethylene from agricultural sources requires 60 to 70% 
less energy than from fossil fuel sources (Bos et al. 2012).

Production of polyethylene from sugarcane or sugar beets requires half of the 
land use than from corn (Bos et al. 2012).

Table 15.3 Nonrenewable energy use for the production of one ton of biobased 
polyethylene.

Biobased material Energy (GJ per ton) Land use (ha per ton)

Corn (maize) 29 0.6

Sugar beet 27 0.3

Sugarcane −18 0.35

Wheat 25 0.68

Fossil fuel (as a reference) 78 — 
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15.3  Growth in Biobased Plastics with Development 
of Durable Goods

Biobased plastics can be made into durable goods to complement the biodegrad-
able plastic products. In 2009, durable biopolymers accounted for 7% of the esti-
mated global production capacity of 318 000 tons.

In 2010, durable biobased plastics accounted for 40% of the global capacity of 
724 000 tons. The significant contributor to the growth of durable bio- based plas-
tics was Braskem Company, Brazil, which produces sugarcane- based high density 
polyethylene (HDPE). In 2015, the projected global biobased plastic production 
capacity is expected to reach 1 700 000 tons with durable biopolymers accounting 
for 60% of the market (Market Update Bioplastics 2012).

In 2015, the growth in bio- based plastics is expected to be led by bio- polyethylene 
and bio- PET. Table 15.4 lists the anticipated production volumes of biobased poly-
mers (Market Update Bioplastics 2012).

Traditional plastics can be produced with starch, lignocellulose, plant oils, and 
sugars. Glucose can be produced from starch, lignocellulose, and sugars. Glucose 
can be fermented to produce thermoplastic polymers. Glycerol and fatty acids can 

Table 15.4 Biobased polymer production capacity for 2015.

Biobased polymer Capacity (tons) Percentage of market

Bio- PE 450 000 26

Bio- PET 290 000 17

PLA 216 000 13

PHA 147 100 9

Biopolyesters 143 500 8

Starch blends 124 800 7

Bio- PVC 120 000 7

Bio- PA 75 000 5

Regenerated cellulose 36 000 2

PLA blends 35 000 2

Bio- PP 30 000 2

Bio- PC 20 000 1

Others 22 300 1

Total 1 709 700 100
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be produced from plant oils and then produce thermoset polymers. Table 15.5 lists 
the renewable source and intermediates in the production of traditional thermo-
plastics and thermosets (Nova 2013). Note that PE represents polyethylene, PVC 
represents poly vinyl chloride, PP represents polypropylene, PC represents poly-
carbonate, PMMA represents poly methyl methacrylate, PU represents polyure-
thane, LDPE represents low density polyethylene and SBR represents styrene 
butadiene rubber.

Polyurethane polymer can be made with agricultural sources for the polyol and 
isocyanates (More et al. 2013). Epoxy polymer can be made from grapeseed oil 
and epoxidized linseed oil (Stemmelen et al. 2011).

15.4  Growth in Biobased Plastics for 
Pharmaceuticals and Medical Applications

Biobased plastics can be used for coatings for drug delivery, bioabsorbable, 
and other medical devices. Biopolymers are made from nontoxic materials 
that are compatible with human tissues. PLA, poly(glycolic acid) (PGA), and 

Table 15.5 Biobased polymer production from renewable sources and intermediates.

Biobased polymer Intermediate Intermediate

Bio- PET and bio- PBT Ethanol, 
isobutanol

Ethylene, MEG, p- Xylene, 
terephthalic acid

Bio- HDPE and bio- LDPE Ethanol Ethylene

Bio- PVC Ethanol Ethylene, vinyl chloride

Bio- PP Ethanol Ethylene, propylene

Bio- PMMA Ethanol Methyl methacrylate

Bio- nylon Adipic acid Hexamethylene diamine (HMDA)

Bio- PBS Succina:e 1,4- butanediol

Bio- PC Sorbitol Isosorbide

Bio- SBR Isobutanol

Bio- epoxy (thermoset) Glycerol Epichlorohydrin

Bio- nylon (thermoset) Glycerol Diacids

Bio- polyesters (thermoset) Glycerol Polyols, diacids

Bio- PU (thermoset) Glycerol, 
triglycerides

Polyol, isocyanates
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polycaprolactone (PCL) are commonly used in biomedical devices (Chen 
et al. 2004).

The biopolymers are degraded with simple hydrolysis of the ester bonds with-
out the use of enzymes that prevent inflammation. The biodegraded bioproducts 
are eliminated from the body through normal cellular activity and urine. PLA can 
be used as a bioabsorbable polymer for resorbable plates and screws (Lasprilla 
et  al.  2012). PLA can provide a biocompatible alternative to titanium plates or 
other metallic implants that do not erode the bone structures (Dearnaley and 
Arps 2005).

PHA biopolymers are promising materials for biomedical applications because 
they are biodegradable, biocompatible, and made from nontoxic materials. The 
physical and material properties of PHA can be modified with different functional 
groups formed on the side of the polymer chain. PHAs can be used in applications 
for tissue engineering, drug delivery, and scaffolding for arteries (Hazer et al. 2012; 
Chen et al. 2010; Zinn et al. 2001).

15.5  Summary

The future of sustainable plastics is expected to have excellent growth, especially 
for biobased plastics. The growth in bioplastics can be supported by the  development 
of biobased plastics from non- food- based agricultural sources, the development of 
durable products in addition to biodegradable products, and the development of 
new biobased chemicals for thermoplastic and thermoset polymers.

Bioplastics in the future can be produced from plant oils, lignocellulose, and 
agricultural waste products. Sugarcane and beets produce the most amounts of 
annual sugar and agricultural residues per hectare.

Corn produces the most GHG emission and NO2 emission per hectare. For PLA 
production, cassava bagasse and whole wheat produce equivalent sugars and lac-
tic acid as corn starch. Cellulose produces less sugars and lactic acid than corn 
starch. In a PLA biorefinery system, agricultural residues can be used to produce 
PLA with economic viability and reduced GHG emissions.

Traditional plastics can be made from agricultural products. PET can be made 
currently with up to 30% from biobased sources. PET in the near future can be 
made with 100% plant- based materials. Polyethylene is currently made from sug-
arcane. Polypropylene will soon be made from sugarcane.

Biobased plastics can be used for coatings for drug delivery, bioabsorbable, and 
other medical devices. Biopolymers are made from nontoxic materials that are 
compatible with human tissues. PLA, PGA, and PCL are commonly used in bio-
medical devices.
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