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Standard Guide for

Exposing and Testing Plastics that Degrade in the
Environment by a Combination of Oxidation and
Biodegradation *

This standard is issued under the fixed designation D 6954; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope must be considered as they vary widely with geography. At
1.1 This guide provides a framework or road map tol€astone temperature must be reasonably close to the end use

compare and rank the controlled laboratory rates of degrad& disposal temperature, but under no circumstances should
tion and degree of physical property losses of polymers b)phls be more than 20°C away from the removed that tempera-
thermal and photooxidation processes as well as the biodegriire. It must also be established that the polymer does not
dation and ecological impacts in defined applications and/ndergo a phase change, such as glass transition temperature
disposal environments after degradation. Disposal environtT9 Within the temperature range of testing.
ments range from exposure in soil, landfill, and compost in 1.4 The residues resuling from the oxidations are then
which thermal oxidation may occur and land cover and€xPosed to appropriate disposal or use environments in stan-
agricultural use in which photooxidation may also occur. dgrd blomet_rlc test methods to measure the rate and degree of
1.2 In this guide, established ASTM International standardgicdegradation (Tier 2). _ _
are used in three tiers for accelerating and measuring the loss1.5 The data generated under Tier 1 evaluation and the
in properties and molecular weight by both thermal anddetermined time for the biodegradation in the chosen environ-
photooxidation processes and other abiotic processes (Tier 1)ent (Tier 2) allow ranking relative to other polymers evalu-

impact of the products from these processes (Tier 3). The degree and time for biodegradation should be consistent

1.3 The Tier 1 conditions selected for thermal oxidation angVith ASTM International methods, and any residues from the
photooxidation accelerate the degradation likely to occur in antermediate oxidation stage and from biodegradation must be
chosen application and disposal environment. The conditionghown to be environmentally benign and not persistent (Tier 3).

should include a range of humidity or water concentrations Nore 1—The intended use of this guide is for comparison and ranking
based on the application and disposal environment in minchf data to aid in the design and development and the reduction of
The measured rate of degradation at typical oxidation temperanvironmental impacts of polymers that require no more than 24 months
tures is required to compare and rank the polymers bein§ oxidize and biodegrade_in the int‘ended use and disposal_options and
evaluated in that chosen application to reach a moleculd€ate no harmful or persistent residues under the appropriate disposal
weight that constitutes a demonstrable biodegradable r(::Sidlf]:gndltlons (for example, two seasons of crop-growing conditions in soil).
(using ASTM International biometer tests for ¢@volution 1.6 Itis cautioned that the results of any laboratory exposure
appropriate to the chosen environment)_ By way of examp|ei,n this guide cannot be directly extrapolated to actual disposal
accelerated oxidation data must be obtained at temperatur€§vironments; confirmation to real world exposure is ulti-
and humidity ranges typical in that chosen application andnately required as with all ASTM International standards.
disposal environment, for example, in soil (20 to 30°C), landfill 1.7 The values stated in Sl units are to be regarded as
(20 to 35°C), and composting facilities (30 to 65°C). Forstandard.
applications in soils, local temperatures and humidity ranges nore 2 There is no ISO standard that is the equivalent of this standard
guide. Note this changed all subsequent Note numbers.

1 This guide is under the jurisdiction of ASTM Committee D20 on Plastics and
is the direct responsibility of Subcommittee D20.96 on Biodegradable Plastics and
Biobased Products.
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1.8 This standard does not purport to address all of the 3.1.1 Definitions of most terms applicable to this guide
safety concerns, if any, associated with its use. It is theppear in Terminology D 883 and Guide D 6002.
responsibility of the user of this standard to establish appro- 3.2 Definitions of Terms Specific to This Standard:
priate safety and health practices and determine the applica- 3.2.1 environmental degradation of a plastie—abiotic or

bility of regulatory requirements prior to use. biotic degradation process or both that occurs in a given
environment and includes photodegradation, oxidation, hy-
2. Referenced Documents drolysis, and biodegradation. Living organisms effect biotic
2.1 ASTM Standards? degradation processes and abiotic degradation processes are
D 883 Terminology Relating to Plastics nonbiological in nature.

D 3826 Practice for Determining Degradation End Point in  3.2.1.1 Discussior—Term not defined in Terminology
Degradable Polyethylene and Polypropylene Using a Tenb 883.

sile Test 3.2.2 gels n—cross-linked polymer structures insoluble in
D 3987 Test Method for Shake Extraction of Solid Wastesolvents that do not break the primary or cross-linking bonds in
with Water the polymer. Cross-links created during oxobiodegradadation
D 5071 Practice for Exposure of Photodegradable Plasticef polymers are chemical bonds created by the degradation
in a Xenon Arc Apparatus process, mostly carbon-carbon bonds, and thus extremely
D 5208 Practice for Fluorescent Ultraviolet (UV) Exposureresistant to solvent degradatién.
of Photodegradable Plastics 3.2.3 oxidation n—process promoted thermally or by irra-

D 5272 Practice for Outdoor Exposure Testing of Photodediation in the presence of oxygen.
gradable Plastics 4 S f Guid
D 5338 Test Method for Determining Aerobic Biodegrada- ummary ot Luide
tion of Plastic Materials Under Controlled Composting 4.1 This guide may be used to compare and rank the rate

Conditions and degree of thermal oxidative degradation of a plastic
D 5510 Practice for Heat Aging of Oxidatively Degradable material relatively to a molecular weight range that can be
Plastics established as biodegradable in a chosen environment. Subse-

D 5526 Test Method for Determining Anaerobic Degrada-quently, the biodegradation of these degraded polymers in
tion of Plastic Materials Under Accelerated Landfill Con- diverse environments such as soil, compost, landfill, and water
ditions may be compared and ranked using standard biometric test

D 5951 Practice for Preparing Residual Solids Obtainednethods and measuring carbon dioxide evolution.
after Biodegradability Standard Methods for Plastics i Nqre 3 if composting is the designated disposal route, Specification
Solid Waste for Toxicity and Compost Quality Testing D 6400 is the only ultimate and definitive applicable specification for

D 5988 Test Method for Determining Aerobic Biodegrada-measuring biodegradation or compostability. Oxidation followed by
tion in Soil of Plastic Materials or Residual Plastic biodegradation under the conditions found in this guide does not confer

Materials after Composting the designation “compostable” or any connotation that the applications are
D 6002 Guide for Assessing the Compostability of Environ_?cc_e_ptable for composting in a commercial or municipal composting
mentally Degradable Plastics acilty. _ _ _ o
D 6400 Specification for Compostable Plastics 4.2 This guide uses a tiered criteria-based approach to
E 1440 Guide for an Acute Toxicity Test with the Rotifer 8ssess the consecutive oxidation and biodegradability of plastic
Brachionus products and ecological impacts in defined applications. This is
2.2 Other Standards: shown schematically in Section 6. Each tier in this guide

EPA TITLE 40 CFA 40CFR62, 40CFR50-189, 40CFR260-includes objectives and a summary that presents test methods,
299, 40CFR300-399, 700-799, and 49CFR1002180 method principles, test duration, and interpretation of results.
OECD Guideline 207 Earthworm, Acute Toxicity Tests 4.3 The tiered approach is chosen in the laboratory for
OECD Guideline 208 Terrestrial Plants, Growth Test convenient separation of oxidative degradation, biodegrada-
ORCA Guidelines for the Evaluation of Feedstock fortion, and ecological impact stages even though in the real
Source Separated Biowaste Composting and BiogasificaNor'd all three are likely to be concurrent rather than consecu-

tion® tive.
4.4 Tiered Methodology
3. Terminology 4.4.1 Tier 1 measures the rate and extent of molecular
3.1 Definitions weight loss resulting from oxidation that is indicative of losses

in physical properties from oxidation. Tier 1 requires either
- accelerated testing or long-term testing over a range of relative
#For referenced ASTM standards, visit the ASTM website, www.astm.org, orhumidity or amount of moisture. Accelerated testing must be

contact ASTM Customer Service at service@astm.org.Afotual Book of ASTM erformed under conditions and temperatures that are accept-
Standardssolume information, refer to the standard’s Document Summary page orP

the ASTM website. ably typical of the specific application and disposal environ-

3 Available from United States Environmental Protection Association (EPA), ments under consideration. Practices D 5208, D 5510, and
Ariel Rios Bldg., 1200 Pennsylvania Ave., NW, Washington, DC 20460.

4 Available from OECD, 2 rue Andre Pascal, F-75775 Paris Cedex 16, Francer—————————————

5 Available from ORCA, Avenue E. Mounier 83, Box 1, Brussels, Belgium  ©®\olimert, B.,Polymer ChemistrySpringer-Verlag, New York, 1973, p. 27, also
B-1200. pp. 543- 561.
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D 5071 may be used to specify the oxidative conditions andnd ranking of the overall rate of environmental degradation of
Practice D 3826 may be used to define the point of embrittleplastics that require thermal or photooxidation to initiate
ment. degradation. Each degradation stage is independently evalu-

Note 4—For measuring the extent of disintegration/fragmentation, aated to allow a combined evaluation of a polymer's environ-

sieve test is required. In this tier, the fragments are subjected to moleculgxpental performance under a controllgd Igboratory setting. Th'_s
weight analysis and a total mass balance is obtained in the procesgnables a laboratory assessment of its disposal performance in,
Exposure temperatures may range from 20 to 70°C in the presence of &0il, compost, landfill, and water and for use in agricultural
and specified moisture or water levels for selected periods of time. At leagproducts such as mulch film without detriment to that particular
one temperature must be reasonably close to the end use or dispogshvironment.

temperature, but under no circumstances should this be more than 20°C

away from that temperature. It must also be established that the polymer Note 5—For determining biodegradation rates under composting con-
does not undergo a phase change, such as glass transition tempdgjture (ditions, Specification D 6400 is to be used, including test methods and
within the temperature range of testing. As an alternate degradatiogonditions as specified.

process, the test samples may be exposed to photooxidation in air as Pers o The correlation of results from this guide to actual

Practices D 5208 or D 5071 and the mass change of the plastic record%cispoSal environments (for example, agricultural mulch films

after exposure. . . L .
composting, or landfill applications) has not been determined,
4.4.2 Tier 1 accelerated oxidation tests are not indicators afind as such, the results should be used only for comparative
biodegradability and should not be used for the purpose ond ranking purposes.
meeting the specifications as described in Specification D 6400 5.3 The results of laboratory exposure cannot be directly
and claiming compostability or biodegradation during com-extrapolated to estimate absolute rate of deterioration by the
posting. (If oxidation is thought to be sufficiently rapid in Tier environment because the acceleration factor is material depen-
1, suggesting that composting may be a disposal environmerdent and can be significantly different for each material and for
then Specification D 6400 must be done and all the specificadifferent formulations of the same material. However, exposure
tions in Section 6 (Detailed Requirements) must be met.  of a similar material of known outdoor performance, a control,
4.5 Gel Formation and Consequences During Oxidationat the same time as the test specimens allows comparison of the
Phase—Discussion durability relative to that of the control under the test condi-
4.5.1 Gel formation is a frequent side reaction of thetions.
oxidative degradation of polymers, especially polyolefins. Gels
are cross-linked structures arising from the free radical natur- Procedures
of oxidative degradation. They are insoluble in nonreactive 6.1 Test sample selected to be in the thickness of the
solvents, that is, solvents that do not break additional bondspplication form.
Normally, gels are not available to biodegradation. Some gels 6.2 The tier testing procedure is outlined schematically in
dissolve on further oxidative degradation and become availablEig. 1.
for ultimate biodegradation. However, the prooxidant (catalyst) 6.3 In Tier 1, the test sample is exposed to several discrete
may be excluded from the gel structure because of solubilitgemperatures (one being within 20°C of the end use tempera-
changes in gel phase. In this case, the gel would become tare) within the range of 20 to 70°C in the presence of specified
nondegradable or very slowly degradable new fraction withinevels of air and specified moisture or water levels for defined
the polymer. It is important to establish the extent of gel and itgperiods of time using the procedure apparatus and following
nature or permanence in the polymer residue and report thediee calculations in Practice D 5510. The temperature ranges
findings. specified in Practice D 5510, paragraphs 8.3.1 and 8.3.4 are not
4.5.2 The purpose of Tier 2 is to estimate the biodegradgermane to this guide and need not be followed. For thin films,
ability of all the fragmented products from Tier 1 under the exposure period would be the time required for the film to
laboratory scale conditions appropriate to the application usingeach 5 % or less elongation to break (Practice D 3826) and the
current Test Methods D 5988 and D 5338. The entire materigdragmented film to reach a recorded average weight-average
from the Tier 1 exposure is subjected to biodegradation testingnolecular weight W) of 5000 or less. The time at three
The percent biodegradation shall be calculated and reported défferent temperatures required (with the mentioned caveats)
stated in the above referenced standards. The results from Titar molecular weight reduction should be established.
1 and Tier 2 shall be combined and used for comparison and 6.3.1 Asample from Tier 1 residue should be dissolved in an
ranking purposes between polymers of interest. appropriate nonreactive solvent and the gel phase, if any,
4.5.3 Tier 3 involves considerations of the ecological im-separated by filtration, the gel dried, and the amount of gel
pacts in the final disposal medium such as soil, as in alfeported as weight fraction of total sample. This should be
biodegradation testing methods, which is basically a compariregarded as nondegradable fraction of polymer.
son of the test medium before and following oxidation and 6.3.2 The gel may be subjected to further oxidative degra-

biodegradation. dation and extent of subsequent reversion to soluble and
degradable material reported.
5. Significance and Use 6.3.3 The acceptable amount of gel will depend on the

particular application and the maximum acceptable wt % gel

5.1 This guide is a sequential assembly of extant but™. . . )
g N y Jyjitten into specifications for the particular class of end uses.

unconnected standard tests and practices for the oxidation a
biodegradation of plastics, which will permit the comparison Note 6—As a general guide, less than 5% wt gel would seem
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FIG. 1 Flow Schematic of the Guide

acceptable (an amount chosen without scientific basis). Clearly, very large 6.5 All of the fragment residues from Tier 1 should be
amounts of gel, say 30 % or more, would prevent the system fronyp|lected and subjected to Tier 2 testing for rate and degree of

reaching 60 % CQ evolution. However, intermediate amounts, for .. PR ; ;
example, a residue with 20 % gel, could exhibit an overall 60 % byblOdegr"’ldatIon in the chosen use or disposal environment.

generating in excess of 80 % G®om the linear fragments and the gel ~ 6.6 In Tier 2, after the test samples are exposed to the abiotic
fraction showing no CQevolution. degradation process described in Tier 1, the entire test material

6.4 In Tier 1, the loss in weight of the sample is measuredshould be subjected to biodegradation tests as per ASTM
The molecular weight and polydispersity index or tensilelnternational test methods for appropriate environments, Test
elongation (Practice D 3826) of the samples before and aftdvlethods D 5988, D 5338, and D 5526. The time profile of
the exposure should be determined and recorded, along wittarbon dioxide evolution is recorded and the time to reach the
% gel. appropriate thresholds are noted.



A8 D 6954 — 04
“afl

6.6.1 For products consisting of a single polymer (ho-between aquatic toxicity tests and terrestrial toxicity tests. The
mopolymers or random copolymers), 60 % of the organidollowing terrestrial and aquatic ecotoxicity tests are suggested
carbon must be converted to carbon dioxide before ending thir obtaining evidence regarding product effects on plant and
test, and the gel content generated in Tier 1 must be no highanimal life. In addition, compliance with respective national,
than 10 %. state, and local regulatory requirements is also required. Soil or
faquatic test material must be evaluated before and following
oxobiodegradation testing in Tier 2; heavy metals or other

- substances of concern must be determined directly on test
6.6.2 For products consisting of more than one polymer

terial bef d dation i der t ify that thei
(block copolymers, segmented copolymers, blends, or additioma erial before degradation in order to verify that their

] lecul ht additi 90 % of th . b Boncentration is within acceptable limits based on the Envi-
of low molecular weight additives), 90 % of the organic carbon,,, ental Protection Agency (EPA) toxic materials list listed

must be converted to carbon dioxide, before ending the test; 40CFR62. 40CFR150-189. 40CFR260-299. 40CFR300-
6'(?'3 glternately, a %0% Cpev_olutlon end poflnt Cla;' be 399, 700-799, or 49CFR100-180. Finally, the soil or aquatic
Ese ]EO ergonstrate that excessive amounts of gel have Nl material must be evaluated before and following oxobio-
een formed. degradation testing for greater than two units of pH or greater

6.7 Tier 3 is endpoint specific in that it is focused on ., 30 o, shift in the ability of the soil to hold and percolate
postdegradation analysis after completion of Tier 2 testing. ater
6.8 Standard methods for determining the biodegradation ovfy '

. . . X 6.9.7 Agquatic toxicity test with Rotifelbrachionusin accor-
plastics simulating solid waste treatment systems have beea}j1

developed. In addition to the rate and degree of biodegradation, 6.9.8 Plant Germinatior-The potential effect of materials

the I_ltmpa;:tﬂ(])f the blolotglcal!ly de<(:jomp(t)sed_ pl_astlcst 0? t_heon plant germination may be assessed with the cress seed test.
quaity of the compost, soll, and water 1S important, N pp;q step may be especially valuable for screening processing
particular with regard to any toxicity that the residual pIaStICSadditives used at 1 % or less in the plastic. Soils from the above

tmhay §Xh;b't |fn thedfm?l len? produ;:t, 'S(')t”’ or v(\;attert.)Therefore, oil biodegradation testing may be evaluated at the beginning
€ eflects ot residual plastics on toXiCity need 1o D& Measureh, y onq of the test to establish the potential effect of microbial

afs t\)N eIII as tre m;;gct on the sot;I_ qgallty ;O tevaluate the Safet)fiegradation products. In the cress test, soil is extracted with
Of biological aerobic or anaerobic degragation. water and filtered. The supernatant is used for the germination

6.'9 Test .Method DS%% prov_ides a ggide for pr‘ap""rmgtest. Various dilutions of the supernatant are prepared, and
residual solids from tests simulating conditions of solid mate-

rial degradation for subsequent toxicity following biodegrada-a“qUOts are added to petri dishes lined with filter paper. Cress

. ; X seeds are placed on the wet paper and left to germinate in the
tion or compost testing. A summary of that preparation follows.dark over four days at room temperature. The percentage of

6.9.1 A_f(tjer |b|oo:%gradz;tlon_ 'ntrfhe ch?setn e?wror;]mentf ret- erminated seeds is determined after four days and compared
MOve residual solids and mix the contents ot €ach replicaly, 5 \yater control. Soils containing test materials should not be
vessel carefully. Continue mixing until the contents are mixe

- : : 0 )
thoroughly. The resulting homogeneous mixture should have ﬁ:?g\];l;:lantly different from the blank soil at 95 % confidence
uniform moisture content and appearance. Repeat the SaMeg g g plant Growth Test as Described by OECD Guideline

procedure for positive reference and blank replicates. 208—This procedure determines phytotoxicity by mixing the

.6'9'2 Three. subsamples are taken fm”.‘ the. homogeneold%mpost containing the material with soil. The plant emergence
mixture on which the dry solids are determined in accordancgurvival and growth is evaluated. Three plant species are

with APHA method 2540E. L ,
- o enerally tested. The test duration is approximately one month.

6.9.3 Th? rest of th_e mixture is dried at a temperature of 2 he results from the biodegraded test soil material are com-
to 45°C until a dry solids content of 65 2 % is reached. The dt i trol
dry solids content is determined after dryin pared 1o a soil control. . .

{,)9 4 The dried mixt be st yd ]9 . 6.9.10 Earthworm Test in Accordance with OECD Guide-
f o K etzil"ec ;“r:x urQ? can he S|3f or a(rjnaX|mum Eﬁine 207—This procedure determines possible toxicity by
our weeks a - '€ MIXIures snou’d be openedon a wee Pﬁixing the biodegraded material with a specified soil. The
Barthworm weight change and survival are measured. The

a result of anaerobic conditions. . . : .
. S .. results from test soil containing material are compared to soil
6.9.5 For the terrestrial toxicity tests and the determlna\tloq:on,[roIS g P

of further biodegradation of the plastic materials in the soil, the
final dried mixture at 65 % dry solids is used as is. For the7 R
. . e . . Report
aquatic toxicity tests, an extraction is performed in accordance _ ) o
with Test Method D 3987. 7.1 The reporting section must clearly and objectively
6.9.6 Several methods have been developed for the detdfclude the proposed real world applications and disposal

mination of toxicological effects. A distinction can be made €nvironments for which the plastic is being developed with
indicated exposure and lifetime expectancies.

7.2 Tier 1—The report must identify the following:
7.2.1 Resin grade plus the commercial name of the formu-

"Method 2540E inStandard Methods for the Examination of Water and |ation additive or percent of catalyst concentrations.
Wastewater 19th edition, American Public Health Association, 800 | St., NW,
Washington, DC 20001. Note 8—Identification of test samples needs to be sufficient to inform

Note 7—Testing may be continued to determine better the length o
time the materials will take to biodegrade.

nce with Guide E 1440. The test duration is one day.
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readers of the commercial identification of the formulation and of the 7.3.3 \olatiles produced by the oxidation process.
additives and their availability in the marketplace. 7.3.4 Temperature and moisture conditions.

7.2.2 The proposed disposal medium or media for the 7.3.5 Additions of inoculants and moisture and their timing
plastic must be indicated with anticipated life expectancyand any additional mixing procedures.

noted. 7.4 Resulting data from Tier 1 combined with data from Tier
7.2.3 The exposure conditions such as temperature, time, for cqmparison and ranking _Of polymers under test.
moisture, and oxygen concentrations need to be reported. 7.5 Tier 3—The report shall include the following:

7.2.4 The exposure conditions and time of exposure (kJ/ 7.5.1 Detailed description of preparation of material for
m?-nm at 340 nm) to radiation, if used, must be recorded. testing.

7.2.5 Molecular weight and polydispersity index, tensile 7.5.2 Specific testing performed as described in 6.9 with
elongation, and percentage of gels of the samples before amdrticular emphasis on any deleterious effects of the soil or
after the indicated time for abiotic test exposure should beéquatic additive.

reported. 7.5.3 Regulated metal concentrations, pH, and ability to
7.2.6 Complete mass balances are to be reported. hold and percolate water before and following oxobiodegrada-
7.3 Tier 2—The report must state the following: tion testing.

7.3.1 Extent of biodegradation (carbon dioxide evolution

profile to plateau as per standards) and expressed as a percéht-Keywords

age of total theoretical carbon balance. 8.1 biodegradation; ecotoxicity; environmental degradation;
7.3.2 Percentage of gel or other nondegradable fractions. oxidation; photooxidation; thermal
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