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Review
Compostability of Bioplastic Packaging

Materials: An Overview
Gaurav Kale, Thitisilp Kijchavengkul, Rafael Auras,* Maria Rubino,

Susan E. Selke, Sher Paul Singh

Packaging waste accounted for 78.81 million tons or 31.6% of the total municipal solid waste
(MSW) in 2003 in the USA, 56.3million tons or 25% of theMSW in 2005 in Europe, and 3.3million
tons or 10% of the MSW in 2004 in Australia. Currently, in the USA the dominant method of
packaging waste disposal is landfill, followed by recycling, incineration, and composting. Since
landfill occupies valuable space and results in the generation of greenhouse gases and con-
taminants, recovery methods such as reuse, recycling and/or composting are encouraged as a
way of reducing packagingwaste disposal. Most of the commonmaterials used in packaging (i.e.,
steel, aluminum, glass, paper, paperboard, plastics, and wood) can be efficiently recovered by
recycling; however, if packaging materials are soiled with foods or other biological substances,
physical recycling of these materials may be impractical. Therefore, composting some of these
packaging materials is a promising way to reduce MSW. As biopolymers are developed and
increasingly used in applications such as food, pharmaceutical, and consumer goods packaging,
composting could become one of the prevailing methods for disposal of packaging waste
provided that industry, governments, and consumers encourage and embrace this alternative.
The main objective of this article is to provide an overview of the current situation of packaging
compostability, to describe the main mechanisms that make a biopolymer compostable, to
delineate themainmethods to compost these biomaterials, and to explain themain standards for
assessing compostability, and the current status of biopolymer labeling. Biopolymers such as
polylactide and poly(hydroxybutyrate) are increasingly becoming available for use in food,
medical, and consumer goods packaging applications. Themain claims of these newbiomaterials
are that they are obtained from renewable resources and that they can be biodegraded in
biological environments such as soil and compost. Although recycling could be energetically
more favorable than composting for thesematerials, it may not be practical because of excessive
sorting and cleaning requirements. Therefore, the main focus is to dispose them by composting.
So far, there is no formal agreement between companies, governments and consumers as to how
this packaging composting will take place; therefore, the main drivers for their use have been
green marketing and pseudo-environmental
consciousness related to high fuel prices. Packa-
ging compostability could be an alternative for
the disposal of biobased materials as long as
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society as a whole is willing to formally address the challenge to clearly understand the
cradle-to-grave life of a compostable package, and to include these new compostable polymers
in food, manure, or yard waste composting facilities.

256
Introduction

Packagingwaste is amajor contributor to the generation of

municipal solid waste (MSW). In the USA, containers and

packaging waste accounted for 74.8 million tons (31.6% of

the total MSW) in 2003,[1] 56.3 million tons (25% of the

total MSW) generated in Europe[2] in 2005, and 3.3 million

tons (10% of the total MSW) in Australia[3] in 2004.

Currently in the USA, the most dominant method of

packaging waste disposal is landfill, followed by recycling,

incineration and composting. However, landfilling results

in the generation of greenhouse gases and takes up and

may contaminate land that could be used in the future.

Hence, recovery methods like recycling or composting

could bemore desirable ways of packaging waste disposal.

The common materials used in packaging are steel,

aluminum, glass, paper, paperboard, plastics, and wood,

all of which could be efficiently recovered through

recycling. Paper and wood can also be recovered through

composting. Biodegradable polymers also provide com-

posting as a waste disposal option.

Composting is a natural process by which organic

material is decomposed into a soil-like substance, called

humus, a soil conditioner. Decomposition is mainly per-

formed by microorganisms (mesophilic and thermophilic),

including bacteria, fungi, and actinomycetes. These micro-

organisms use organic matter as their food source, gene-

rate CO2, and produce humus as an end product. This

natural process requires availability of carbon, nitrogen,

water,and oxygen. Microorganisms use carbon as a source

of energy, and nitrogen for building cell structures. A 30:1

carbon-to-nitrogen ratio (C:N) is ideal for reproduction of

thermophilic microorganisms, and makes the composting

process faster.[4] A composting process goes through two

main stages, an active composting stage and a curing

period. In the first stage, the temperature rises and remains

elevated, provided oxygen is available, which results in

strong microbial activity. In the later stage, the tempera-

ture decreases but the materials continue to compost, at a

slower rate. The compost process does not stop at a

particular point; rather it continues slowly until the last

remaining nutrients are consumed by the remaining

microorganisms and almost all the carbon has been

converted into carbon dioxide.[5] Aerobic composting takes

place in the presence of oxygen; if oxygen is absent then

the process changes to anaerobic digestion. Anaerobic

digestion is also a naturally occurring process of decom-

position and decay, by which organic matter breaks down

into simple chemical components, producing biogas and

Macromol. Biosci. 2007, 7, 255–277
� 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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digestate (a relatively stable soil residue similar to com-

post). Biogas is a mixture of gases, mainly methane, which

can be used for the production of heat and electricity, and

carbon dioxide. The digestate can be used as a soil amend-

ment, much like humus, for applications like farming or

landscaping. The quality of compost produced in aerobic

conditions is different from that produced in anaerobic

digestion conditions, as different microorganisms are

active.[5]

The majority of packaging materials used for food and

medical packaging applications is disposed of by landfill,

in part because of contaminants that are difficult to sepa-

rate and may produce complications in recycling. In 2003,

in the USA, 11.9 million tons of plastics packaging was

generated, out of which only 1.06 million tons (8.9%) was

recovered through recycling. Composting provides a viable

option for recoveringwaste packages by returning them to

nature.

According to the American Society for Testing and

Materials (ASTM), a biodegradable plastic is a plastic that

degrades because of the action of naturally occurring

microorganisms such as bacteria, fungi, and algae. There is

a difference between a biodegradable and a compostable

plastic. A compostable plastic is a plastic that undergoes

degradation by biological processes during composting to

yield carbon dioxide, water, inorganic compounds, and

biomass at a rate consistent with other known compo-

stable materials and leaves no visually distinguishable or

toxic residues. Therefore, all compostable plastics are

biodegradable, but the reverse is not true.

Biodegradation of plastics depends on both the envir-

onment in which they are placed and the chemical nature

of the polymer. Biodegradation is an enzymatic reaction;

hence it is very specific to the chemical structures and

bonds of the polymer. There are different mechanisms of

polymer biodegradation. One common mechanism is

hydrolysis, inwhich random non-enzymatic chain scission

of ester groups leads to reduction in molecular weight. The

hydrolysis process is affected by the rate of diffusion of

water through the polymer. As mentioned before, the

biodegradation of plastics depends on both environmental

factors (i.e., temperature, moisture, oxygen, pH) and the

chemical structure of the polymer. Biodegradable poly-

mers usually contain ester, amide, or carbonate hydrolyz-

able bonds in the polymer backbone. The presence of these

hydrolyzable functional groups increases the susceptibil-

ity to biodegradation. Other factors that affect biodegrad-

ability are crystallinity, molecular weight, and, in the case

of copolymers, the copolymer composition.[6]
DOI: 10.1002/mabi.200600168
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Standards have been developed by ASTM and ISO (Inter- controlled laboratory scale composting. Similarly, there is
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national Standards Organization) for the assessment of the

biodegradability of polymers in different environments

such as composting, anaerobic digestion, and wastewater

treatment. According to ASTM standard D6400,[7] a

product is compostable if it passes the tests of disintegra-

tion, biodegradation, and terrestrial and aquatic safety in
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a standard developed by ISO (EN 13432)[8] specifically

for packaging, which assesses packaging compostability

based on characterization, biodegradation, disintegration,

and quality of compost or ecotoxicity. Characterization of

packaging includes analysis of the composition of package

materials, heavy metals, organic carbon content, total dry
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solids, and volatile content. Detailed procedures and their

harmony with other standards are discussed later.

A number of certification systems which provide com-

postable packaging labels have been established world-

wide for certification of compostable plastics. Some of

these labels are based on standards developed by

ASTM, ISO, DIN (Deutsches Institut für Normung), and

JIS (Japanese Industrial Standards). These certification

systems include ‘‘DIN CERTCO’’ based on DIN EN 13432,

‘‘OK Compost’’ by AIB Vincotte (Belgium) based on EN

13432,[8] ‘‘Compostable’’ by the U. S. Composting Council

based on ASTM D6400,[7] and the ‘‘GreenPla’’ certification

by the Biodegradable Plastics Society (Japan) based on JIS

K6953, to mention a few. JIS K6953 is reported by the

Japanese Industrial Standards Committee to be identical to

ISO 14855.[9]

Currently, biodegradable bags that are certified by the

U. S. Composting Council as compostable are being used in

San Francisco for transportation of compostable materials

to the composting facility and composted along with other

materials.[10] According to the American Forest & Paper

Association (AF&PA) in America, about 6.5 million tons of

postconsumer paper and paper products are produced

annually that may be better suited for composting than

recycling. This includes paper yard bags, waxed corrugated

containers, milk cartons, paper plates, cups, napkins, and

towels. In 1999, 300 000 to 325 000 tons of postconsumer

paper was composted.[11] In the case of plastics, non-

biodegradable plastics still dominate packaging applica-

tions and hence eliminate the option of composting.

Compostable polymers are being promoted as envir-

onmentally beneficial, especially if they can be derived

from renewable resources and recovered through organic

recycling. To evaluate the environmental performance of

biobased products, a standard practice has been developed

and presented in ASTM D7075[12] and ISO 14000 using life

cycle assessment (LCA). LCA is a cradle-to-grave analysis

tool developed for the assessment of the total environ-

mental performance of a product (or process) and the

system used for manufacturing, use, and disposal (or

recovery) of that product. Currently, LCA studies of bio-

based polymers generally show reduced environmental

impact and energy use when compared to petroleum-

based polymers. For example, polylactide, PLA, derived

from starch utilizes 0 GJ � ton�1 of feedstock energy

and 53 GJ � ton�1 of processing energy, as compared to

poly(ethylene terephthalate), PET, which utilizes 39 GJ �
ton�1 of feedstock energy and 38 GJ � ton�1 of processing

energy.[13] Furthermore, if PLA is disposed through com-

posting and the compost is used in agriculture, significant

emission and energy credits can accrue because of the

value of the compost in sustainable agriculture practices,

which can improve even further the sustainability of this

biobased polymer.
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The objective of this paper is to explore the current

status of compostability of bioplastic packaging based on

compostability mechanisms, the current status of com-

posting, standards relevant to the compostability of pack-

aging materials, and life cycle analysis of the performance

of biodegradable packages based on composting as a

disposal option.

Compostable Packages

Packaging materials, as previously mentioned, can be

divided into four groups: paper/paperboard, plastic, metal,

and glass packages. Only paper/paperboard, and some

plastic packages are biodegradable and, hence, compo-

stable. ASTM defines a compostable plastic as a plastic that

undergoes degradation by biological processes during

composting at a rate consistent with other known com-

postable materials.[7] Therefore, only materials that bio-

degrade in composting environments and match the

composting period of known compostable materials can

be considered as ‘compostable’. Not all biodegradable

materials are compostable.[7]
Compostable Materials

There are two main factors that make a material com-

postable: thematerial itself and themicroorganisms in the

compost. The material must be biodegradable, such as

paper/paperboard and biodegradable polymers, which can

be consumed by microorganisms as food sources. A com-

post pile is a great source of microbial activity, because it

has a high moisture content and temperature, so it is a

suitable environment for a variety of microbes, such as

bacteria and fungi, to live and reproduce. This in turn

provides a tremendous amount and variety of organisms

able to attack and digest compostable materials. Bacteria

can be either aerobic or anaerobic, while fungi are strictly

aerobic. In both cases, the degradative reaction proceeds by

production of enzymes that break down organic substrates

to provide nutrients.[14] The enzymaticmechanisms can be

divided into two categories: enzymatic oxidation (by

aerobic microorganisms only), and enzymatic hydrolysis

(by either aerobic or anaerobic microbes). The biodegrada-

tion mechanisms of the main packaging materials differ.

Therefore, in this overview, the degradation mechanisms

are described by material, and will mainly concentrate on

the degradation of bioplastics.
Mechanisms

Since biodegradation is an enzymatic reaction, it is very

specific to chemical bonds and structures of particular
DOI: 10.1002/mabi.200600168

Clearwater Paper Corp. - EX1021 
raphic Packaging International LLC 

Page 5 of 24



Compostability of Bioplastic Packaging Materials: An Overview

Figure 1. Structures of polylactide, poly(caprolactone), and
poly(hydroxyalkanoate)s.
functional groups. Microorganisms can attack only specific

functional groups at specific sites, and the polymer chain

also has to be conformationally flexible enough to fit into

the active site of the enzyme. The meaning of conforma-

tional flexibility is defined later. There are various types of

biodegradable polymers, with differing degradation

mechanisms, so we will discuss them separately: 1)

natural polymers, 2) carbon chain polymers, and 3) hetero

chain polymers.[14]

Natural Polymers

As mentioned earlier, microorganisms can directly con-

sume natural polymers like starch, cellulose, and polymers

based on starch, since enzymatic reactions can reduce their

molecular weight in extracellular environments, i.e.,

outside the microorganisms’ cells. The polymer chains

are enzymatically cleaved, and the portions that are small

enough are transferred into the cells and consumed. The

biodegradation rate of these polymers can be accelerated

by hydrolysis which involves random chain scission,

which results in rapid molecular weight reduction. The

resulting smaller molecules are much more susceptible to

enzymatic attack, making the polymer degrade much

faster.

Another type of natural polymer is ‘bacterial polyester’,

poly(hydroxyalkanoate)s, or PHAs. These natural polye-

sters are produced by bacteria as ‘intercellular reserve

materials’ when they are fed carbon sources such as sugar

or lipids but nutrients are restricted. The polymers are then

extracted from the bacterial cells.[14] PHAs are aliphatic

polyesters; themost common are poly(b-hydroxybutyrate)

or PHB, and poly(hydroxybutyrate-valerate) or PHBV, see

Figure 1. The degradation mechanism starts with rapid

enzymatic hydrolysis to cleave the ester bonds present in

the polymer structure using extracellular depolymerases,

such as those produced from Psuedomonas lemoignei and

Alcalignes faecalis.[15]

Carbon-Chain Polymers

Vinyl polymers, such as poly(ethylene), poly(propylene),

and poly(vinyl chloride), with carbon-only backbones, are

normally not susceptible to hydrolysis or to biodegrada-

tion. An exception is poly(vinyl alcohol) or PVOH, which is

biodegradable because of its high hydrolyzability. The

enzymatic oxidation of hydroxy groups (–OH) forms

carbonyl groups (C––O) in the polymer backbone, and

hydrolysis of two carbonyl groups (–CO–CH2–CO–) causes

polymer chain cleavage, which leads to a decrease in

molecular weight.[14,16] Microbes will then consume those

low-molecular-weight portions.

Hetero-Chain Polymers

Hetero-chain polymers are polymers that have atoms

other than carbon, such as oxygen and nitrogen, in their
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backbones. Those atoms make the polymers susceptible to

hydrolysis (i.e., in which random non-enzymatic chain

scission of the ester groups leads to reduction in molecular

weight), and, therefore, can make them susceptible to

biodegradation. Most synthetic hetero-chain polymers,

such as polyesters, nylons, polycarbonates, etc., do not

biodegrade to any significant extent.

Currently, the most common hetero-chain biodegrad-

able polymers are PLA, poly(glycolic acid) (PGA), and

poly(e-caprolactone) (PCL). The bacterial polyesters such as

PHAs also fit in this category. The higher the rate of

hydrolysis, the more available sites there are for microbes

to attack, and hence the faster is the biodegradation.

Polymer hydrolysis is controlled in part by the rate of

diffusion of water in the amorphous regions of the poly-

mer.[6] Water diffusion through crystalline regions is

negligible. Some plastics, such as PLA, will not biodegrade

without prior hydrolysis.

The biodegradable polymers that have a promising

future for packaging applications are mainly aliphatic

polyesters, such as PLA, PCL, and PHA[14,15] (see Figure 1),

and also include poly(tetramethylene adipate/terephtha-

late) (PTMAT), poly(butylene succinate) (PBS), poly(butyl-

ene succinate adipate) (PBSA), and some polyesteramides,

since their properties are comparable to petroleum-based

polymers commonly used in the packaging industry. For

example, PHBV is hydrophobic and also provides an

excellent gas barrier.[14,15] Temperature stability and

processability of PLA are comparable to those of poly-

styrene; oil and grease resistance and flavor barrier

properties are comparable to PET; and sealing temperature

is lower than poly(ethylene) and poly(propylene).[17,18]

Almost all of these polymers contain at least one of the

following hydrolyzable bonds in the polymer backbone:

ether, ester, amide, or carbonate.[6] While C–C linkages
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Figure 2. Hydrolyzable functional groups commonly found in
biodegradable polymers.
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increase stability, the presence of hydrolyzable functional

groups in the polymer backbone dramatically increases

the susceptibility to biodegradation[19] (see Figure 2), since

it not only increases the vulnerable sites for hydrolysis but

also the polymer flexibility,[20] so that the polymer chains

can more easily arrange themselves to fit into the active

sites of the enzymes.

The performance of hydrolyzable biodegradable poly-

mers is primarily dependent on their erosion mechanisms,

especially if they are intended for use in medical appli-

cations, such as drug delivery agents, or in agricultural

applications, such as nutrient releasing agents in fertili-

zer.[6] There are two modes of erosion: surface erosion and

bulk erosion. Enzymatic degradation caused by microbes

occurs only at the polymer surface, while non-enzymatic

hydrolysis can occur throughout the polymer’s bulk be-

cause water can diffuse through the amorphous regions of

the polymer. Both reactions usually happen at the same

time, and compete with each other. If water-induced

hydrolysis is faster than the enzymatic degradation, then

the polymer tends to degrade throughout its cross section,

in ‘bulk erosion’.[6,17,21] On the other hand, if the enzymatic

degradation is faster, then ‘surface erosion’ predomi-

nates.[6,17] These erosion mechanisms play a very impor-

tant role in determining the applications of a biopolymer.

For instance, if a polymer is used as a drug delivery agent

and the active ingredient is located in the polymer surface,

polymers that mostly undergo surface erosion will release

the compound faster; on the other hand for a slow release

drug, a polymer that undergoes bulk erosion will be more

suitable so the active ingredient contained in the polymer

matrix can be released over a longer period of time.[6]
Factors Affecting the Rate of Biodegradation

Factors affecting biodegradation rates can be categorized

as: 1) the exposure conditions, and 2) the polymer itself.[20]

Exposure Conditions

Water or Moisture

Water or moisture can affect the biodegradation of poly-

mers in two ways. First, water is needed for microorgan-

isms to grow and reproduce. Therefore, when moisture is

plentiful, there should be more microbial activity, and
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polymers should degrade faster. Second, since hydrolysis

plays a fundamental role in biodegradation for some

polymers, in moisture-rich environments hydrolysis reac-

tions should increase, which produces more chain scission

reactions and increases the available sites for microorgan-

isms to attack. Kai-Lai et al.[22] found that degradation

rates increased tremendously as the relative humidity of

the exposure conditions increased. They determined that

the molecular weight loss of PLA films exposed to 10, 50,

and 100% relative humidity (RH) in an environmental

chamber at 55 8C was 3 972, 61 947, and 121836 Da per

week, respectively. Therefore, it can be expected that

polymers will biodegrade faster in moisture-rich environ-

ments than in dry conditions. However, we should keep in

mind that in this particular case the main PLA degradation

mechanism is hydrolysis, which enhances the impact of

this factor.

Acidity

For hydrolyzable polymers, the rate of hydrolysis reactions

can also be altered by pH, since reactions can be either acid

or base catalyzed. For instance, it was found that the

hydrolysis rate of PLA capsules was slowest at a pH of 5.0

and increased in more acidic and more alkaline solu-

tions.[17,21] Degradation products, such as water-soluble

lactic acid from PLA, can change the pH of the exposure

environment. Changes in pH affect not only the rate of

hydrolysis, but also the growth of microorganisms.

Temperature

Temperature is a significant factor in controlling polymer

biodegradation since both hydrolysis reaction rates and

microbial activity increase as temperature increases;

however, if temperatures are too high, microbial activity

decreases or even stops. Kai-Lai et al.[22,23] reported that the

averagedegradation rate of PLAfilms at 25, 40, and 55 8C and

100% RH in an environmental chamber was 4691, 40634,

and 91892 Da per week, respectively. Therefore, moderately

increasing the exposure temperatures enhances the degra-

dation rate of PLA, at least in part as a result of increasing the

rate of hydrolysis. A study performed by Cargill Dow LLC

also showed that the hydrolysis rate of PLA increased

dramatically above the glass transition temperature (Tg).
[21]

Furthermore, different microorganisms can grow and re-

produce at their best at different temperatures. In general,

the rate of biodegradation increases with temperature, as

long as it is not high enough to kill the microorganisms.

Aerobic or Anaerobic Conditions

In aerobic biodegradation, themicroorganisms use oxygen

and consume carbon from the polymer as a food source;

as a result carbon dioxide and water are produced and
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Figure 3. Left: poly(glycolic acid), right: polylactide.
released. This corresponds to enzymatic biological oxida-

tion. This reaction predominates if a high oxygen

concentration (not less than 6%, as described in ASTM

D5338[24]) is available. If the oxygen supply is depleted,

aerobic microorganisms will change their metabolism

rate, which causes a reduction of the biodegradation rate.

On the other hand, in anaerobic biodegradation, anaerobic

microorganisms consume carbon from the polymer and

release methane and carbon dioxide. Each kind of

microorganism may consume carbon from polymers at

a different pace; therefore, biodegradation of polymers in

aerobic conditions may be totally different than that in

anaerobic conditions. For example, as reported by Gartiser

et al.,[25] PCL did not biodegrade, and PLA was found to

biodegrade at a minor level (less than 10%) under

anaerobic conditions based on ASTM D5511[26] and ISO

14853[27] test methods.

Enzyme Specificity

Different enzymes may have differently shaped active

sites and, therefore, are more able to biodegrade certain

polymers. For example, the fungi Aspergillus niger and

Aspergillus flavus produce enzymes that more readily

degrade aliphatic polyesters derived from diacid mono-

mers with 6–12 carbon atoms than those derived from

other monomers.[14] It was found that extracellular PHB

depolymerases, enzymes that depolymerize PHB, degrade

PHB by different mechanisms depending on the specific

bacteria producing those enzymes.[15] Therefore, different

microorganisms consume specific polymers at different

rates.

Polymer Factors

Polymer Structure and Chain Flexibility

The ‘flexibility’ (conformational flexibility) of a polymer

chain indicates how much energy it takes to rotate

molecules around bonds and how easy it is to move atoms

closer to or further away from others. If a polymer chain is

more conformationally flexible, more sites will be

accessible to water for hydrolysis, and the polymer will

more easily fit into the active sites of enzymes; both of

these will increase the biodegradation rate. Two factors

that affect the polymer’s conformational flexibility are

bulky side groups that limit chain movement and certain

types of linkages in the polymer backbone.

Side groups increase the energy required for chain

rotation. For example, poly(glycolic acid), Figure 3 (left),

degrades faster than polylactide, Figure 3 (right), in part

because the polylactide chain is less flexible because of the

methyl (–CH3) side group that inhibits chain movement.[20]

The methyl side group reduces the water accessibility of the

polymer chain as well as the biodegradation rate.
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Double bonds in the backbone increase flexibility by

easing rotation around adjacent single bonds, as illu-

strated by the fact that the rotational barrier (energy

required for rotation around the bond) of CH3–CH3 is 3.0

kcal �mol�1 while that of CH2
––CH–CH3 is only 2.1 kcal �

mol�1. The presence in the backbone of oxygen or nitrogen

also increases flexibility by lowering the rotation energy

barrier; CH3–OCH3 has a rotational barrier of 2.7 kcal �
mol�1. A ring structure, on the other hand, decreases

flexibility because it hinders chain rotation.[20] For exam-

ple, the aromatic ring structure that provides rigidity for

PET hinders water and enzyme access, making PET more

environmentally stable than aliphatic polyesters.

Crystallinity

As mentioned earlier, hydrolytic reactions are controlled in

part by the rate of water diffusion into the polymer bulk in

the amorphous regions, since water cannot diffuse through

crystalline regions and amorphous regions aremore flexible.

Therefore, amorphous regions are more susceptible to both

hydrolysis and biodegradation than crystalline regions.[6]

For polymers like PHB, biodegradation occurs mainly by

surface erosion as a result of enzymatic hydrolysis, and the

main factors that control the rate of biodegradation were

found to be the degree of crystallinity[15] and accessibility of

the polymer chain to microorganisms. PLA with different

degrees of crystallinity, as a result of different contents of

L-lactide and D-lactide, has different degradation rates,

because of the effect on the rate of hydrolysis.[17,28] PLA

polymers with higher contents of D-lactide degrade much

faster since D-lactide induces twists in the otherwise very

regular poly(L-lactide) molecular architecture, which reduces

crystallinity.

Molecular Weight

Generally, plastics are immune to microbial attack if their

molecular weights are high (e.g., for PLA, Mw � 20 000 Da)

because themolecules are too large to allow their entrance

into the microorganisms’ cells. Microorganisms can

degrade only low-molecular-weight portions, which are

taken into the cells and then converted into metabo-

lites.[14] For natural polymers, such as starch and cellulose,

microorganisms can attack the molecules directly since

they can produce enzymes to cleave, or depolymerize, the

natural polymer backbones, and consequently molecular

weight reduction can happen outside the microbial

cells.[14] For other biodegradable polymers, before being

utilized bymicroorganisms, themolecular weights have to
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be reduced to a point at which the molecules can enter the

microbial cells by other means of degradation, such as

hydrolysis or photodegradation. The upper limit of

molecular weight that microbes can metabolize differs

by polymer; for example, a critical molecular weight (Mw)

for PLA is 10 000–20 000 Da,[17,21] and for PHB is

approximately 13 000 Da.[14]

The molecular weight of a polymer affects the bio-

degradation rate in two different ways. As the molecular

weight increases, the polymer’s Tg also increases, which

makes the polymer glassier and less flexible. Furthermore,

a higher molecular weight polymer also has a longer chain

length, which means that there are more bonds that must

be cleaved in order to release the water-soluble oligomers

or monomers that are small enough to be consumed by

microorganisms.[6] Consequently, a polymer with a higher

molecular weight biodegrades more slowly than the same

polymer with a lower molecular weight.

Copolymer Composition

Introducing comonomers into a polymer structure will

increase the irregularity of the polymer chains, which will

generally reduce the polymer’s crystallinity and thus may

increase biodegradability. However, the effect also

depends on the type of comonomer.[6] If the comonomer

contains hydrolyzable groups, the biodegradability should

be increased. On the other hand, if the comonomer

contains aromatic structures, or other groups that provide

rigidity to the polymer chain, and no hydrolyzable groups,

the copolymer will generally have lower biodegradability

or may not even biodegrade at all. Chiellini and Corti[29]

reported that graft copolymerization of lignin with PCL

was found to increase the biodegradability from 10%

mineralization with pure lignin to 60% mineralization

during a 100 d incubation period in mature compost at

55 8C.

Size and Shape

The size and shape of the exposed polymer also play an

important role in biodegradation. Polymers with higher

surface areas will degrade faster than those with lower ones,

other factors being equal, since a larger fraction of the

polymer is in contact with moisture andmicroorganisms for

hydrolysis and enzymatic degradation. Both ASTM[7] and

ISO[9] standards for biodegradability require control of size

and shape during biodegradation testing.

Composting

Composting is a biological process in which microorgan-

isms convert organic materials such as manure, sludge,

leaves, paper, and food waste into a soil-like substance

called compost. Composting is an aerobic process (in the
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presence of oxygen) as discussed earlier. Compost can be

produced by commercial techniques involving turning

mechanisms, sorting and shredding on a large scale; and

also in small-scale backyard composting. Commercial

composting is typically a much faster process than back-

yard composting, as it is managed more intensively and
Waste Materials

Yard Waste

Yard waste can be defined as the vegetative waste that

results from the care and maintenance of landscaped

areas, lawns, and gardens. It may include leaves, grass

clippings, garden wastes, tree trunks, and prunings from

trees or shrubs. The C:N ratio of yard waste ranges from 9

to 80 (grass clippings 9–25, leaves 40–80, shrub trimmings

about 53, tree trimmings about 16).[5] Sometimes, yard

wastes are composted in passive piles (a method of

composting in which there is little management and

manipulation of the materials after they are mixed and

piled). Yard waste is mostly generated frommunicipalities

and landscapers.

In the USA, yard waste is commonly collected at the

curbside or by public drop-off sites. Public drop-off sites are

specified locations where residents and businesses can

take their yard trimmings. In curbside collection, the

municipality or concerned agency picks up yard trimmings

that residents have placed outside of their homes.[30] Yard

waste can be composted in either commercial composting

facilities or by backyard composting. The Environmental

Protection Agency (EPA) of the United States estimates that

3 800 yardwaste composting facilitieswere in operation in

2000 in the USA.[31]

In Canada, leaf and yard trimmings are the most com-

monmaterials composted, with 182 facilities in operation.

Collection methods range from drop-off by private haulers

and residents (135 facilities) to curbside residential prog-

rams (77 facilities, with the vast majority being either

source-separated or wet/dry programs).[32]

In 2003 in Europe, 1 800 composting plants were in

operation, 40% of which only included yard waste.[33]

Victoria, Australia has contracts with composting compa-

nies to recycle green organic materials from yards and

gardens with a capacity of over 100 000 metric tons per

year. New South Wales diverts over 300 000 metric tons

per year of organic materials with an estimate of 800 000

metric tons still to be diverted.[34]

New Zealand has undertaken a zero waste initiative

with the goal of minimizing and eventually eliminating

waste. There are growing numbers of composting facilities

in New Zealand, and in 1999 approximately 23 000 cubic
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Table 1. Food and yard waste generated during 2003 in the USA.

Wastea) Generated Composted

106 tons 106 tons

Food 25.1 0.7

Yard 26 14.6

Total 51.1 15.3

a)Total amount of MSW in 2003 was 214.7 millions tons.
meters of material was composted. In Christchurch,

New Zealand, 70% of households recycle each week and

about 60% compost at home or take green waste to the

council’s composting plant.[34]

According to the Japan Organics Recycling Association

(JORA) the annual production of wood residuals such as

bark, sawdust, andwood chipswas about 5.34million tons

in 2001; about 95% of these residuals were utilized effecti-

vely. Yard waste as a result of pruning trees or trimming

grass represented 6% (2.47 million tons) of total municipal

solid waste in 2001.[35]

Food Waste

Food wastes mostly consist of uneaten food and food

preparationwastes from residences, commercial establish-

ments like restaurants, institutional sources such as school

cafeterias, and industrial sources like factory lunchrooms.

The C : N ratio of foodwastes ranges from 14 to 80 (garbage

food waste 14–16, and refuse 34–80).[5] The main source of

food waste is usually garbage and refuse (mixed food and

packaging) that results from mixed MSW. MSW is

extremely heterogeneous in size, moisture, and nutrient

content and will contain varying degrees of non-com-

postable and possibly hazardous wastes. Hence, sorting of

MSW, using mechanical or manual techniques, plays an

important rolewhen it comes to composting of foodwaste.

While some composting of mixed MSW is carried out,

increasingly the composting of foodwaste is dependent on

source separation, i.e., the waste generator separating food

(perhaps along with other compostable wastes) from

non-compostables. The food wastes may be pre-consumer,

such as food processing or preparation wastes from insti-

tutional or industrial sources, or post-consumer, wastes

from homes or from restaurant or institutional meals.[36]

Food waste has a high moisture content and little

physical structure; hence normally it is mixed with a

bulking agent such as yard waste for composting. In

addition, food waste is very susceptible to odor production

(ammonia) and tends to generate large quantities of

leachate. Hence, normally a well aerated pile is recom-

mended for composting food scraps.[36]

In 2005, in the USA there were 16 mixed MSW

composting facilities in operation and 11 more that

composted residential source separated food wastes.[37,38]

In Canada, there are 54 facilities composting food residues

from the residential sector.[32] Around 39% of the total 200

million tons MSW generated in Europe in 2000 was food

scraps or food waste.[33] In Australia, food residuals

comprise up to 41% of the domestic waste stream and

17% of the commercial/industrial stream. A food residuals

processing facility was set up in the Melbourne metropo-

litan area that composts food scraps. EcoRecycle Victoria

provided almost $1.2 million to support infrastructure

development for green organics and food residuals
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collection and processing.[34] JORA estimated an annual

production of food residuals of 18 million tons in June

2001, out of which only 0.1 percent was composted; the

majority was either landfilled or incinerated.[35] Table 1

shows the total amount of yard and food waste generated

and composted in the USA during 2003.

Manure Waste

Manure is the faecal and urinary excretion of livestock and

poultry. Manure waste may contain bedding, spilled feed,

water, and soil as well as livestock excreta. It can be classi-

fied as liquid, semi-solid, slurry, or solid. Manurewaste used

in composting normally involves broiler litter, cattle

manure, horse manure, laying hens, sheep, swine, and/

or turkey litter or a combination of these. The C:N ratio

ranges from 3 to 56. Most of the animal manures

are rich in nitrogen content and hence are normally

mixed with materials with higher carbon content to

achieve an optimized C:N ratio for composting. Commercial

composting is a more suitable way for handling manure

waste than home/backyard composting.[5] In Canada, 39

facilities compost manure or animal waste. In 1998, finished

compost production was around 845400 tonnes, which

included composting of manure waste, food waste, and yard

waste.[32] In Japan, annual production of animal waste is

around 94million tonnes: 65million tonnes of faeces and 29

million tonnes of urine. According to JORA, in 2001 94% of

total animal excretion was recycled to farmland and

grassland after drying or composting.[35]

Packaging Waste

Packaging waste is generated by the disposal of packaging

materials such as paper and paperboard, plastics, steel,

aluminum, glass, and wood. Steel, aluminum, and glass

cannot be composted and must be separated prior to

composting. A substantial amount of the paper and

plastics in MSW come from packaging of food and

consumer goods and is normally recycled, landfilled, or

incinerated. In the USA, in 2003, 56.4% of paper and

paperboard packaging was recycled while only 9% of

plastics packaging was recycled.
www.mbs-journal.de 263
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Upon introduction and certification of compostable

plastics, composting plants have started accepting com-

postable liner bags. For example in San Francisco, the

composting facility accepts ‘compostable liner bags’ that

contain food scraps. The compostable liner bags (commer-

cially available and produced from corn starch) make it

easier for residents to separate food scraps for compost

collection.[39] InMassachusetts, theMassachusetts Depart-

ment of Environmental Protection (MADEP) is encouraging

composting of items such as spoiled fruits and vege-

tables, floral and deli wastes, and waxed cardboard from

supermarkets through the Massachusetts Supermarket

Organics Recycling Network. The main goal of this

program is to divert to compost facilities the commercial

food waste generated by supermarkets. MADEP identified

supermarkets as amajor generator of waste organics. They

estimated that there are 400 supermarkets in the state

generating around 90 600 tons of organics per year.

Compostable liner bags that biodegrade quickly and safely

are being used in this program to transport the materials

from collection containers to the commercial composting

facility.[40,41] Some commercial compostable bag brands

are Bio-Bag (Canada), and EcoFilm and EcoWorks by Cortec

Corporation (MN, USA).

Currently, researchers are demonstrating that compo-

stable packages can be composted in facilities that handle

yard waste and manure as well as in those that handle
.

.

Figure 4. Pictorial view of PLA bottles exposed at 30 d of compost conditions (58� 5 8C,
60� 5% RH).[42,43]
food wastes. Therefore, more options

to compost biopolymers could be

available if compostable biopolymers

used in packaging applications were

accepted by these compost facilities

Figure 4 and 5 show the degradation

of PLA bottles and Ecoflex films under

compost conditions (58 8C, 60% RH)

after 30 and 60 d, respectively.[42–45]

Asmarket incentives are created for

green and environmentally friendly

polymers, there is also interest in

developing new compostable materi-

als from petroleum resources.[46] As

previously defined, a compostable

material must completely biodegrade

under standard compost conditions

Currently, some manufacturers are

claiming compostability for polyole-

fin plastics containing additive tech-

nologies that are reported to work in a

two-step process that accelerates oxi-

dation and then biodegrades. The

manufacturers claim the prodegra-

dant additives control these processes

in a highly predictable and manage-

able manner in all conditions with a
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source of oxygen and naturally occurring microorganism

(air, soil, landfill, compost, litter). The process is commonly

referred to as ‘oxo-biodegradation’. The main market for

these polymers is biodegradable mulch film, but these

need to be collected after the harvesting season if

composting is the intended option for their disposal.

According to manufacturers, these polymers are engi-

neered to degrade and totally fragment in 90 to 120 d. After

that 60% will mineralize/biodegrade in a further 12 to 24

monthswhen disposed of in a commercial compost facility

and in subsequent soil application.[46] Figure 6 shows a

commercially available LDPE film with the oxo-

biodegradation additive exposed to composting conditions

for 60 d at 48� 5 8C and 52� 16% RH. After 60 d in the

compost pile, no visual fragmentation is observed. There-

fore, further study of these polymers is necessary to

determine whether the compostability claims can be

substantiated.
Composting Techniques

Commercial Composting

Commercial or municipal composting is a large scale

operation, which generally employs turning and active

aeration, except for static pile and some in-vessel com-
DOI: 10.1002/mabi.200600168
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Figure 5. Pictorial view of Ecoflex films exposed for 60 d to compost conditions. (48� 5 8C,
52� 16% RH).
posting systems. Since waste materials have different

characteristics, operational parameters such as moving,

mixing, and manipulation differ.

Composting begins with the collection of suitable or-

ganic materials, followed by mixing to achieve the desired

C : N ratio, moisture content, and pore space. Usually one

material is primary and then one ormore amendments are

added.[5] Rawmaterial sorting is essential, especially if it is

a mixed waste stream. Shredding or grinding is optionally

employed if the raw materials include newspaper, corru-

gated cardboard, brush, tree stumps, or other large yard

wastes. Grinding or shredding may use shear shredders

(rotary or belt), hammermills, or tub grinders.[5] In some of
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Figure 6. Pictorial view of LDPE with oxo-additive exposed for 60 d to compost conditions
(48� 5 8C, 52� 16% RH).
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Clearwater Paper Corp. v. Graphic Pack
he in-vessel methods, the mixing

tep is built into the system. The

aterial needs to be loaded into the

ilo, hopper, or vessel using conven-

ional materials handling equip-

ent such as conveyors, augers, or

ucket loaders. Subsequent turning

ixes the materials more thor-

ughly.

Frequent turning improves con-

istency and diminishes the impor-

ance of the initial mixing in wind-

ow systems, relative to a static-pile

ystem, where organic waste is

ormed into rows of long piles and

erated by turning the pile periodi-

ally. Bucket loaders play a very

ersatile role in composting opera-

ions by allowing mixing and pile/
t

windrow formation. Mixing can be simply done by

repeatedly bucketing the ingredients together. Windrows

and passive piles can be mixed and formed in a single step

by depositing the raw materials on the composting site in

layers, to form a crude pile. The loaders then mix the

materials together and work them into the desired shape

until the materials are well mixed. Other equipment used

in mixing include batch mixers in which amendments are

placed in themixer and then themanure added on top. The

mixture can be discharged through the side delivery

elevator directly into the windrow, or onto an aerated pile

as the mixer is pulled forward parallel to the air distri-

bution pipe.

After the active composting phase,
ompost requires a curing period of at

east one month to finish the process

nd allow the compost to develop the

esired characteristics for its intended

se.

After curing, screening of compost

eparates materials of different sizes

nd/or shapes. Screening is nearly

lways performed after curing either

o improve compost quality or to

ecover bulking agents. Different

ypes of screens are available, includ-

ng trommel screens, shaker screens,

ibrating screens, flexing belt screens,

isc screens, auger and trough screens,

nd rotary (spinning disc) screens.[5]

Drying follows after screening to

ower the moisture content of the

ompost. It typically involves extra

eration or an extended composting

eriod.
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Figure 7 shows a flow chart of a complete commercial

composting process.

Advances in Composting Techniques

Currently, source separated composting, in which the

waste is separated by the consumers at the residential

level, has gained a lot of attention in the USA, Canada, and

Europe. In the USA, 11 residential source separated com-

posting projects were active in the states of California,

Michigan, Minnesota, and Washington in 2003.[38] The

residential sorting and collection methods differ based on

the composting facility. For example, in San Francisco, CA,

a residential three source separation cart collection is

employed which consists of organics, single stream re-

cyclables, and trash.[38] Similarly in Canada, source

separating MSW into wet and dry streams is a popular

way to achievewaste diversion objectives, as it offers great

flexibility in classification of waste streams, collection

methods, collection frequency, and waste processing.

About 98% of the consumers in Guelph, Canada, partici-

pate in the wet/dry two-stream program.[47] In Europe, the

composting of mixed MSW is becoming rare because of

growing recognition of the benefits of source-separated

MSW composting. In 1998, around 85% of home com-

posted or separately collectedMSWwas being recovered in

Austria, Belgium, Denmark, Germany, and the Nether-

lands.[48] Those five nations have finalized their organic
Figure 7. Commercial composting system and operations.
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waste policies based on source-separated MSW diversion

and have achieved better recovery rates.[48]

In the case of mixed MSW, sorting is necessary. Gold-

stein[38] explained a typical composting process for a

mixed MSW stream. Initially MSW is sorted to remove the

oversized items and then passed by conveyor through a

manual sorting step to remove inappropriate materials for

composting. A bag breaker machine is used to remove

wastes from the bags. This automated system consists of

different diameter drums, which rotate at different speeds.

They are equipped with hooks that grab the bags and

elongate them as the drums spin, to spill out the contents

from the bags. Next the waste is screened through a debris

(disk) roll screen. The waste material obtained through the

screen goes to an auger mixer, and the remaining material

on the screen is moved to an optional sorting station

where more recyclables can be removed. The mixer auger

is equipped with knives, which help in reducing the

particle size without shredding or grinding. Later, water is

added to the mixture in the vessels to improve the

moisture content. The vessels’ aeration system is designed

tominimize evaporation andmaintain temperature levels.

The vessels are later unloaded to form aerated static piles.

After the compost is ready, it is screened to remove any

foreign materials contained in the final product.

Savage et al.[52] provide an overview of screening and an

introduction to air separation based on material density.
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ir separation uses an air

rrent to classify the waste

aterials; a typical air clas-

fication system begins

ith introduction of MSW

aterials through a chute

to an upward flowing

ream of air. The lighter

aterials are carried out

ith the air and the heav-

r materials fall onto a

nveyor or into a bin. The

ghter particles next enter

to an air cyclone where

ey settle out. Air separa-

on is a function of density,

ape, and size of the parti-

es and can be efficiently

sed in separation of plastic

rticles and film from the

mpost.[52]

Turning equipment is

sed for the mechanical agi-

tion of piles to manage the

mperature and oxygen

vels. The windrow turners

mmonly used in commer-
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cial composting can be categorized by turning mechan-

isms, orientation to the windrow, power source, and mode

of travel.[49,50] Some categories of turners based on their

mechanical agitation are straddle type, auger equipped

turner, elevating face, and trapezoid turners.[50] Some

improvements in recently produced turners (as reviewed

by Diaz et al.[50]) include better efficiency, increased

durability, less maintenance, ability to accommodate

large or different sizes of windrows, and increased ease

of travel and transportation. Turner manufacturers are

stressing the improvement of turning equipment for larger

windrow sizes, which will help in the larger scale

production of compost. More details regarding turning

equipment and the turning process can be found else-

where.[50]

The last step after the compost is produced is screening

to remove foreign matter (FM) (undesirable materials such

as plastic, metal, or glass). A recent study by Page et al.[51]

compared three different screening methods for finished

compost. One pass through a ball screen (resulting in 0.26%

FM) and two passes through a trammel screen (0.53% FM)

gave the best results.

Home Composting (Back Yard)

Home composting is handled on a small scale using small

piles or composting bins. Turning is usually donemanually

unless the bins are equipped with rotating drums. Home

composting usually involves lower temperatures than

commercial composting, with much of the decomposition

taking place at mesophilic temperatures (10 to 46 8C). Yard
waste and food waste normally go into home composting

systems,[5] but improper management of food scraps can

cause odors and also might attract unwanted insects or

animals.[31] In back yard composting, the conversion of

organic matter into compost may take up to two years, but

manual turning can decrease this time to 3 to 6months.[31]

Commercial backyard composting bins are typically either

open or closed cylinders, revolving drums, or orbs that can

be rolled along the ground to turn the pile. Recently there

have been many developments in commercial indoor and

outdoor composing bins, many of which are specifically

designed to compost food scraps. An indoor kitchen

composter developed in Japan anaerobically ferments

food scraps using the patented Bokashi method[53] of

beneficial microbial inoculation, which speeds up the

microbial process. Some other systems have bins that

contain three compartments which allows one to increase

or decrease the volume and to classify fresh and mature

compost or humus within the same bin. Also, as venti-

lation is important to maintain the aerobic process, some

systems continuously circulate air throughout the bin.

Some bins are also equipped with stirrers and screens,

which turn and screen the compost.[53] In Seattle, Washing-

ton, households doing back yard composting of yard waste
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had an annual household recovery rate of 254 kg and those

who composted food waste recovered 131 kg.[53] In Canada,

approximately 27% of homeowners in Edmonton are com-

posting in their back yards, which diverts 10 224 tonnes of

organic waste from landfill each year.[32]

Plastics in Compost

Synthetic plastic waste or particles in compost is a major

contamination problem; hence plastic separation in com-

post is an important factor for both the compost feedstock

and the compost end product. As mentioned above, dif-

ferent screening and separation mechanisms can be used

to separate plastics from compost.

A case study on plastic-wrapped industrial food resi-

duals was done in California, USA in 2005.[38] The com-

posting facility received industrial foodwaste contained in

plastic packaging, which was then ground with the green

feedstock, composted, and foreign matter was subse-

quently screened out through a trammel screen. Plastics

present in the compost floated through the trammel and

were ejected over a belt equipped with an air knife. The

plastic particles were sucked up through the air knife,

leaving behind the bulking agents, which could be used

again in the composting process.

Rynk[54] reported case studies about the contamination

of compost as a result of plastics and other foreign parti-

cles. In one study, samples of MSW compost were inspec-

ted after repeated sieving, drying, and weighing. It was

found that plastics (average 1.9% of compost dry weight)

remained in the compost even after repeated sieving with

sieve sizes of 1 to 4 mm. For larger compost size ranges (4

mm to <25 mm) the plastics contamination percentage

ranged from 3.5 to 6.6% of the compost dry weight.[54]

Another study found similar results for plastics contam-

ination in sieved (1.875 mm) and non-sieved compost.[54]

De Baere[54] evaluated the replacement of biodegradable

with synthetic polymers and their composting in com-

mercial composting facilities, including cost analysis. The

first case study was for a 50 000 ton � a�1 Belgium-based

source separated composting facility which had 80% of its

organic waste delivered in plastic bags. The system includ-

ed prescreening to remove the plastic material to avoid

plastics contamination in the composting process and end

product. According to De Baere,[54] the use of 500 tons of

compostable biopolymer per year rather than non-com-

postable plastics would eliminate 2 000 tons � a�1 of left

overs from pre-screening since biodegradable plastic does

not need this step.
Compost is a very valuable soil amendment that improves

plant growth. Compost-enriched soil can also reduce
www.mbs-journal.de 267
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erosion, alleviate soil compaction, and help control disease

and pest infestation in plants. In addition to common

agricultural and horticultural applications, compost is

used in some building and construction projects. On steep

embankments along roads and highways, compost can be

more effective than traditional hydromulch at reducing

erosion and establishing turf because compost forms a

thicker, more permanent growth as a result of its ability to

improve the infrastructure of the soil. Because of the

ability of compost to retain moisture, it also helps protect

soil from wind erosion and during droughts. Compost is

also used to remediate turf grasses that are extensively

used for recreational activities such as golf, football, soccer,

etc. Often the wear and tear on such turf results in disease,

pests, and soil compaction. Use of compost increases

resistance to growth of turf diseases, such as snow mold,

brown patch, and dollar spot. Compost is an effective

landscape mulch; when placed over the roots of plants,

compost mulch conserves water and stabilizes soil

temperatures. It also helps keep plants healthy by cont-

rolling weeds, providing a slow release of nutrients, and

preventing soil loss through erosion.[55,56]

Environmental Impacts of the Composting
Process – Leachate

Leachate is the liquid that results when water comes in

contact with a solid and extracts material, either dissolved

or suspended, from it.[5] Leachate differs from other water

that may accumulate on a compost site through precipi-

tation or flooding since leachate may contain a combina-

tion of nutrients, soluble chemicals, and organic matter.

Hence, good drainage at composting sites is necessary.

Leachate management can be achieved in different

ways, which include providing a slope for easy run off,

maintaining sufficient distance between compost and

ground water facilities, maintaining the moisture content

of compost below the maximum recommended level, and

encouraging effective drainage by orienting windrows

with the slope of the compost pad rather than across it.

In Canada, leachate is either disposed through local

waste water systems, released to engineered wetlands to

purify it, or released throughnatural purification systems.[57]

In Europe, leachate is used forwatering the compostingmass

or is discharged.[58] In Australia, containment of leachate

within the composting area is required. It can be used for

irrigation of piles, disposed of in existing slurry lagoons, or be

treated adequately before discharge. The drainage and

collection system has to be able to handle heavy rainfall.[59]
Standards
In order to determine whether certain packaging materi-

als, i.e., plastics and papers, are compostable, standards
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organizations, such as ASTM and ISO, have published their

own series of standards for compostability and/or bio-

degradability of materials in different exposure environ-

ments. In general, these standards describe terminology

and definitions, testing guidelines, procedures, conditions,

significance, limits, and results interpretation. In this

overview, the standards are separated into two groups,

ASTM and ISO standards, as these are the two main
ASTM Standards

The current ASTM standards involving the compostability

and biodegradability of a material can be categorized into

three groups based on exposure environments: 1) com-

posting, 2) anaerobic digestion and wastewater treatment,

and 3) others (see Table 2). Only standards involving

composting of plastics will be included in this overview

and the discussion will mainly focus on standards for

compostable plastics.

According to ASTM D6400,[7] to claim that a certain

material is compostable (see Figure 8), it must meet

requirements that include satisfactory disintegration, bio-

degradation, and terrestrial and aquatic safety in a cont-

rolled laboratory scale composting test.

In this test, described in guide D6002 (Tier 2)[60] and test

method D5338,[24] the test materials are exposed to the

compost mixture in closed vessels. At least 12 vessels must

be used: 3 blanks, 3 negative controls such as LDPE, 3

positive controls such as cellulose, and 3 for the test

material. CO2-free humidified air is supplied for a test

period of no less than 45 or more than 180 d, at a constant

temperature of 58 8C (thermophilic phase), or using a

desired temperature profile (e.g., 35 8C for 1 d, 58 8C for 4 d,

50 8C for 23 d, and 35 8C for 2 d). The amount of carbon

dioxide gas evolved is measured using either a cumulative

method (titration method), or direct measurement from

the exhaust air, using an infrared (IR) detector or gas

chromatography (GC). Figure 9(a) and (b) shows systems

for biodegradation evaluation by the cumulative method

and by direct measurement, respectively.[61] At the end of

the test period, if no more than 10% of the original dry

weight is found to remain after sieving the final compost

with a 2 mm sieve, then the test material shows satis-

factory disintegration.

To achieve satisfactory biodegradation, the cumulative

percentage of organic carbon converted into carbon

dioxide gas, or mineralization, compared to the theoretical

value for the test polymer must be at least 60% for a

material containing a single polymer (homopolymer or

random copolymer), and 90% for a material containing a

block copolymer, segmented copolymer, blend, or low-

molecular-weight additives.
DOI: 10.1002/mabi.200600168
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Table 2. List of current ASTM standards sorted by category.

Category Standard

Composting environment D6400 ‘‘Standard Specification for Compostable Plastics’’

D6002 ‘‘Standard Guide for Assessing the Compostability of

Environmentally Degradable Plastics’’

D5338 ‘‘Standard Test Method for Determining Aerobic

Biodegradation of Plastic Materials Under Controlled Composting

Conditions’’

D5988 ‘‘Standard Test Method for Determining Aerobic

Biodegradation in Soil of Plastic Materials or Residual Plastic

Materials After Composting’’

D5929 ‘‘Standard Test Method for Determining Biodegradability

of Materials Exposed to Municipal Solid Waste Composting

Conditions by Respirometry’’

D6954 ‘‘Standard Guide for Exposing and Testing Plastics that

Degrade in the Environment by a Combination of Oxidation and

Biodegradation’’

D6340 ‘‘Standard Test Methods for Determining Aerobic

Biodegradation of Radiolabeled Plastic Materials in an Aqueous or

Compost Environment’’

Anaerobic digestion and

wastewater treatment

D5210 ‘‘Standard Test Method for Determining the Anaerobic

Biodegradation of Plastic Materials in Presence of Municipal

Sewage sludge

D5271 ‘‘Standard Test Method for Determining the Aerobic

Biodegradation of Plastic Materials in an Activated-Sludge-

Wastewater-Treatment System’’

D5526 Standard for Determining Anaerobic Biodegradation of

Plastic Materials Under Accelerated Landfill Conditions

D5511 Standard Test Method for Determining Anaerobic

Biodegradation of Plastic Materials Under High-Solids Anaerobic-

Digestion Conditions

Other standards D5951 ‘‘Standard Practice for Preparing Residual Solids Obtained

After Biodegradability Standard Methods for Plastics in Solid

Waste for Toxicity and Compost Quality Testing’’

D5975 ‘‘Standard Test Method for Determining the Stability of

Compost by Measuring Oxygen Consumption’’
concentration of heavymetal in plasticmust be lower than

50% of the amount listed in 40CFRx503.13,[62] and the final

compost must pass the toxicity test, including aquatic

toxicity test with Rotifer Brachionus (Guide E 1440),[63] the

plant germination with cress seed test, the plant growth

test (OECD Guideline 208),[64] and the earthworm test

(OECD Guideline 207).[27] In order to pass the toxicity test,

the results from the compost that contains the test mate-

rials must have no significant differences compared to the
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from the controlled laboratory scale composting test must

be prepared in accordance with test method D5951.[65]

ASTM D6400 also defines biodegradable plastic as a

degradable plastic in which the degradation results from

the actions of microorganisms such as bacteria, fungi, and

algae.[7] Therefore, based on this definition, for example,

PLA, a commonly used biopolymer, would not qualify as

a biodegradable material since the main degradation

mechanism is hydrolysis. Another definition needingmore
www.mbs-journal.de 269
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Figure 8. Compostable materials identification flow chart.
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explanation is compostable plastic. D6400 defines this

term without including the types of compost the plastic

will be exposed to, or the time limit required for material to

become fully degraded. This vague definition gives room for

materials to claim they are compostable even if theywill not

compost as fast as naturalmaterials such as yard trimmings,

food wastes, and kraft paper.

Test method D5988[66] or the ‘soil contact test’, as

described in guide D6002 Tier 1, can be used as a rapid

screening test prior to test method D5338. In this test, the

sample and reference materials are mixed with a soil

mixture in air sealed vessels, such as desiccators, with each

vessel containing only one test material. The test vessels

are stored in the dark at 21 8C (mesophilic phase) for 30–

60 d. The amount of evolved carbon dioxide is quantified

by titration. A positive result, which means more than 60

or 90% of the total organic carbon is converted into carbon

dioxide (depending on the polymer composition as

described above), indicates that the test material will

also biodegrade in the composting environment, which

Macromol. Biosci. 2007, 7, 255–277
� 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Clearwater Paper 
Clearwater Paper Corp. v. Graphic Packaging In
as a higher temperature.

owever, a negative result

ould be confirmed by test

ethod D5338.

There are some standards

at involve exposing mate-

als to a compost environ-

ent that are not listed

specification D6400 for

mpostablematerials identi-

cation, e.g., test method

5929,[67] and guide

6954.[68] In test method

5929,[67] the biodegradabil-

y of the test material

posed to the MSW com-

sting condition (40 8C) is

termined by measuring

e oxygen uptake and car-

n dioxide production from

ch reactor for a test period

45 d. The percentage of

odegradation is then calcu-

ted by dividing the total

mulative oxygen uptake

d carbon dioxide produc-

on by the theoretical value.

uide D6954[68] is a tier-

sed framework, similarly

D6002, to compare and

nk the degree of degrada-

on of polymers by thermal-

d photo-oxidation com-

isposal environments such
bined with biodegradation in d

as soil, landfill, and compost with other tested polymers

chosen for that application. Tier 1 involves exposing the test

material to thermal- or photo-oxidation conditions, based

on its intended application. In tier 2, the residual fragments

from tier 1 are subjected to a ‘biometer test’ such as D5338 or

D5988, to measure the carbon dioxide evolution in the

simulated disposal environment; soil (20–30 8C), landfill

(20–35 8C), or compost (30–65 8C). The 60 and 90% organic

carbon conversion described in specification D6400 also

applies to this guide. In tier 3, the residue from the biometer

test is subjected to toxicity tests, which are similar to those

listed in guide D6002 tier 2.
There are only a few European and ISO standards that

involve packaging and composting environments. The

specification, test scheme, and guidelines are detailed in

EN 13432.[8] Unlike the ASTM standards, this standard can
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Figure 9. (a) Accumulative and (b) direct method to measure biodegradation.[61]
is not limited to plastic materials. Moreover, instead of

three criteria for plastic compostability, there are four

criteria in the EN 13432 standard: 1) characterization, 2)

biodegradability, 3) disintegration, and 4) compost quality

or ecotoxicity. However, these four criteria cover the same

scope as ASTM’s three criteria.
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lyzed to determine the composition, the presence of

hazardous substances (e.g., heavy metals), organic carbon

content, and total dry and volatile solids. To pass this

criterion, the packaging material must have those values

within specifications listed in Annex A.1 of EN 13432. For

example, packaging, packaging materials, and packaging
www.mbs-journal.de 271
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Table 3. Maximum heavy metal content of packaging material
and whole packaging from EN 13432 Annex A.1.[8]

Element Content in dry substance

mg �kgS1

Zn 150

Cu 50

Ni 25.0

Cd 0.5

Pb 50

Hg 0.5

Cr 50

Mo 1

Se 0.75

As 5

F 100
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components should contain at least 50% of volatile solids,

and the concentration of heavy metals should not exceed

the values listed in Table 3. ‘Volatile solids’ means the

materials that become volatile at high temperatures; a

temperature of 550� 50 8C is used for an ignition test as

described by ASTM D5338[24] and the American Public

Health Association (APHA) standards 2540 E.[69]

The biodegradation test is described in ISO 14855,[9] and

is similar to the test method in ASTM D5338, with a few

differences. First, the ISO test method does not require the

negative control vessels; therefore, only 9 vessels are

required instead of 12. Second, ISO 14855 also includes the

determination of percentage of biodegradation based on

weight loss as an optional result to support the value

determined from carbon dioxide evolution. Third, the

acceptance level of percentage of biodegradation of the test

material is at least 90% in total or 90% of the maximum

degradation of the reference material after a plateau stage

for both reference and test materials has been reached. For

disintegration, the European and ISO standard suggest

testing thematerials in controlled pilot- scale and full-scale

tests, as described in ISO 16929,[70] instead of using the

controlled laboratory-scale test in ASTMD6400. But the rest

is similar, i.e., the final compost is screened with a 2 mm

screen, and the material needs to pass the disintegration

criterion (i.e., nomore than 10%of the original dryweight is

recovered after 12 weeks of composting).

For the compost quality or ecotoxicity test, physical and

chemical parameters such as density, total dry and volatile

solids, salt content, and pH, have to be determined to show

that the test packaging does or does not have negative

effects on the compost quality. Only the plant growth test,

based on OECD guideline 208,[64] is included in EN 13432

for ecotoxicity. The results (germination numbers and
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plant biomass) of the compost with test material and the

blank compost are compared. Figure 10 shows a detailed

flowchart of the evaluation of organic recoverability of

packaging according to EN 13432.

As shown in Figure 8 and 10, the procedure to have any

package certified as ‘compostable’ is very elaborate. It

involves not only the package passing the test method

ASTM 5338[24] or ISO 14855,[9] but also meeting various

other requirements, such as passing the disintegration

test, having levels of heavy metals within limits, and

passing the plant growth test by having no significant

difference between the compost containing test material

and the blank compost. For example, Figure 11 shows the

percentage of mineralization of the PLA bottles previously

tested in the compost facility and shown in Figure 5,

compared with PET bottles (negative control) and corn

starch (positive control), according to ASTMD5338 and ISO

14855.[61] This test will comply with the first and second

requirements of ASTM D6400 and EN 13432, characteriza-

tion and biodegradability. However, this test does not

certify that the material is compostable according to these

standards. Further studies that assess the complete

disintegration and the compost quality or ecotoxicity of

the bottles are required. Therefore, the PLA bottle could not

be labeled as compostable just by passing ASTM D5338

and ISO 14855.
Labeling and Certification

Currently, there is confusion about conventional plastics

and biodegradable and compostable plastics throughout

the U. S., since they are hardly physically distinguish-

able.[71] To succeed in recovering these materials and

properly composting them, there must be a labeling

system that separates them from conventional materials.

Organizations such as the Biodegradable Products Institute

(BPI) located in New York City; the U. S. Composting

Council (USCC), located in Holbrook, NY; and DIN CERTCO,

the certification organization of DIN, the German Institute

for Standardization, offer certification programs that

award a compostable logo to approved products.

In order to claim or label a product or package as

compostable, or biodegradable, there should be reliable

scientific evidence to support this claim.[72,73] Packages

that are compostable in institutional facilities may not be

compostable in home composting, because of different

composting conditions, such as the waste mixture,

moisture content, and temperature. Therefore, the claim

must be clarified enough to avoid deception, especially

considering the limited availability of compost facil-

ities.[72] These are reasons for certification; therefore,

concrete evidence must be submitted to organizations to

have any products certified.
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Figure 10. Flowchart of evaluation of organic recoverability of packaging based on EN 13432 standard.[8]

Figure 11. Percentage of mineralization of PLA and PET bottles and corn starch measured
according ASTM D5338[24] and ISO 14855.[9]
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laboratory. A list of the approved laboratories can be found

online at the BPI website: http://bpiworld.org/BPI- Public/

Program/Labs.html. Similarly, DIN CERTCO certifies com-

postable products made from biodegradable materials

based on laboratory tests of either ASTM specification

D6400,[7] or the European standard DIN EN 13432,[8]

and the ‘compostable’ logo, see Figure 12(b), is awarded

to products that meet one of these standards.[75] Many

other organizations also certify compostable materials

based on ASTM D6400,[7] DIN EN 13432,[8] or both. For

example, AIB Vincotte (AV), located in Belgium, awards the

‘OK compost’ logo, see Figure 12(c). Other certification

bodies award certificates (not compostable labels) to pro-

ducts thatmeet ASTM, ISO, or CEN standards, similar to the

ISO 9000 series certification. For example, SGS offers bio-

degradability and ecotoxicity testing based on ISO

standards.

Currently, approved BPI and DIN CERTCO compostable

products include compostable bags and films; packaging,

such as water bottles, ovenable and microwavable trays;

dishes and bowls; disposable utensils; and resins, such as

Ecoflex from BASF, PLA from NatureWorks LLC, and Mater-

Bi from Novamont.[8,75]

In 2006, Assembly Bill No. 2147 ‘‘Solid waste: Compo-

stable plastic food and beverage containers’’ was intro-
Figure 12. (a) BPI compostable logo, (b) DIN CERTCO compostable
logo and (c) OK compost logo.
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duced by Harman in California. This bill prohibits selling

plastic food and beverage containers labeled ‘degradable’,

‘biodegradable’, or ‘compostable’ unless the containers

meet current ASTM standards,[76] in contrast to the exis-

ting law that applies only to plastic bags. However, the bill

does not specify the ASTM standards, and it does not

address which standards the packages have to comply

with, for example D5338 or D6400. The purpose of the bill

is to stop food and beverage packaging manufacturers or

distributors from using mislabeling, because there has

been erroneous use of the words ‘degradable’, ‘biodegrad-

able’, and ‘compostable’ in marketing. Therefore, there

must be a system to label the packages that is reliable and

scientifically based.

Life Cycle Analysis

As discussed earlier, LCA is an evaluation technique that

compares the performance of alternative systems and

products; and quantifies the environmental consequences

of a product, system, or process over its entire life. As

delineated in ASTM D7075,[12] the LCA methodology for

biobased products involves distinct stages such as goal

setting, inventory analysis, impact assessment, and

interpretation. Goal setting defines the reasons for and

scope of the study, including its breadth and depth. The

inventory analysis identifies and quantifies the environ-

mental inputs (water, energy, raw material, land, and

other resources) and outputs (releases to air, land, and

water) associatedwith the product over its entire life cycle.

Impact assessment characterizes the inventory input–

output flows in relation to a set of environmental impacts

(such as resource depletion, global warming, ozone dep-

letion, human toxicity, ecotoxicity, photochemical oxi-

dant, acidification, eutrophication, and degradation of

ecosystems and landscapes). The final interpretation step

combines the environmental impacts and describes the

results in amanner and in accordance with the goals of the

LCA study.[13] The practice stated in ASTM D7075 is in

accordance with the terminology and concepts used in ISO

Standards 14040–14043.[77–80]

The waste management stage for the compostable

packagesmay include composting, combustion, landfilling

or recycling. The final disposal system has an important

role in the overall ecobalance, especially for biodegradable

materials. If biobased materials are disposed through

composting, and the compost is further used in land

application, then significant emission and energy credits

can accrue, because of the value of the compost to sus-

tainable agriculture. Impact factors emphasized in earlier

LCA studies of biodegradable packaging include eutrophi-

cation, ecotoxicity, and land use.[81]

According to the EPA, the evaluation of greenhouse gas

emissions of a polymer system should include analysis of
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three factors: 1) greenhouse gas emissions throughout the

life cycle of the polymer, including utility emissions and

emissions from the disposal option; 2) the extent to which

carbon sinks are affected by manufacturing and disposing

of the material; and 3) the extent to which the manage-

ment option recovers energy that can be used to replace

electricity, thus reducing utility greenhouse gas emissions.

According to Bohlmann,[81] there is considerable uncertainty

in estimating the impact of biodegradable polymers such as

PLA on emissions of greenhouse gases, and few studies have

been published that address greenhouse gas emissions and

carbon sequestration associated with landfilling.

LCA studies have been done on composting at the Uni-

versity of New South Wales, Australia. However, they

reported some limitations of LCA as a tool to evaluate the

total environmental impact assessment of a compost opera-

tion, since a number of reductions in agricultural inputs

(such as fertilizers and water) and improvement in soil

conditions could not be evaluated because of the unavail-

ability of required characterization or equivalency factors.[82]

Another LCA study evaluated the environmental impacts

of solid wastemanagement alternatives, and concluded that

if organic waste is diverted from landfills to composting,

there is a reduction in the energy recovery and greenhouse

gas emission benefits of thewastemanagement system. The

composting process increases emissions and uses energy.

Again, in this study; the environmental consequences of

composting could not be characterized completely because of

lack of data. Offsets could include reduced fertilizer use,

conservation of nutrients in compost-amended soil, less

irrigation, reduced pesticide application, avoided harvest and

transportation of peat, or avoided manufacture of erosion

control products.[83]

Komilis and Ham developed a life cycle inventory (LCI)

model for municipal solid waste composting and yard

waste facilities.[84] Their model considers the production of

compost as a high and low value product, and was based

on laboratory experiments to determine selected emis-

sions that were not available. The model considers three

organic streams: food waste, mixed paper, and yard waste.

They found that the odor control system and the building

were the largest capital cost (around 77% of the total

capital cost) for these types of operation. In addition, they

reported that more than 90% of the emitted CO2 was a

result of solid waste decomposition. Further research that

characterized the emissions determined that indicators are

necessary in order to systematically evaluate and compare

composting facilities.
Conclusion

As new biopolymers obtained from renewable resources

such as polylactide, and poly(hydroxybutyrate) are increa-
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singly becoming available for food, medical, and consumer

goods packaging applications, disposal of these polymers

through composting is an available alternative. However,

until now the main focus of companies promoting these

biomaterials is the claim that they are obtained from

environmentally friendly renewable resources and reduce

petroleum consumption (even though only about 5% of

refinery production goes to chemical products, including

polymers). Since recycling and composting programs for

these materials are generally not available, these ‘green’

materials mostly end up in landfill, along withmany other

packaging materials. Therefore, a better approach to the

disposal of these new biomaterials is needed. In addition,

state or federal regulations are necessary to avoid im-

proper compostability claims.

Although recycling could be energetically more favor-

able than composting for many of these new biopolymers,

it may not be practical because of sorting and cleaning

requirements. A viable alternative is composting. How-

ever, since at present there is no system in place for the

collection and composting of these materials, their main

benefit is just green marketing based on pseudo-

environmental benefits. The risky point of these claims

is that we have really created a new packaging waste

problem, rather than a sustainable packaging solution.

Compostable packages can be a valuable alternative if we

are willing to formally address the challenge of clearly

understanding the cradle-to-grave life of these materials.

Including compostable polymers in existing food, manure,

or yard waste composting facilities is a promising appro-

ach. Canada and Germany are among the countries in the

forefront of this initiative, positioning them to take full

advantage of adopting these new materials.
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