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3.0 National and International Standards 

The following is an overview of the most relevant standards for biodegradation in compost, 
marine and freshwater, and soil. As highlighted already, each environment has its own 
specific set of conditions: it cannot, therefore, be assumed that if a plastic biodegrades in 
one environment, it will do so in the others. Different test methods and standards for 
biodegradation are required for each environment. It is also important to recognise that, in 
general, there is a hierarchy of how aggressive these environments are which gives an 
indication of whether a material may biodegrade. A rudimentary basis hierarchy is found in 
Figure 1: which presents the supposition that if a material does not, for example, compost, 
then it is unlikely to biodegrade in soil or water.  

Importantly, industrial composting is the only controlled biodegradation environment. All 
other environments have a number of external factors (heat, light, moisture etc.) that will 
have a significant effect on the level of biodegradation. This means that real world 
conditions are often hard to replicate in a laboratory. As the standards that are discussed in 
the following sections demonstrate, their basis in laboratory testing means that achieving a 
standard or a certification reflects the current state of development of testing methods, and 
should not necessarily be considered as definitive evidence of what happens in real-world 
situations. Standards for biodegradation in freshwater and marine environments are 
particularly difficult to develop in this regard. The key national and international standards 
(as well as private accreditations where no public ones exist) that are used for certification 
purposes are also summarised for comparison in Table 1 at the end of this section. 

Figure 1: Ranking of the Aggressiveness of Biodegradation Environments 
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Industrial Composting  High temperature (~58oC) 

 Fungi and bacteria 

Home Composting  Ambient temperature (20-30oC) 

 Fungi and bacteria 

Soil  Ambient temperature  

 Fungi and bacteria 

Fresh Water  Ambient temperature 

 Bacteria only 

Marine Water  Ambient temperature  

 Diluted bacteria 

Landfill  Ambient temperature 

 Bacteria only 
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3.1 Composting Standards 

The standard that is most often referred to is European Standard 13432, which is wide in 
scope as it covers all packaging: 

Packaging - Requirements for packaging recoverable through composting and 
biodegradation - Test scheme and evaluation criteria for the final acceptance of 
packaging 

This standard works alongside EN 14995 which is aimed at non packaging plastics, whereas 
EN 13432 is aimed at all materials designed for packaging use. They both have the same 
criteria, but differ in scope. If a plastic product meets either standard it is deemed an 
acceptable input to commercial composting systems—but not home composting. 

Two biodegradation requirements are specified in this standard depending on whether an 
aerobic (composting) or an anaerobic (anaerobic digestion (AD)) process is used. The 
minimum thresholds are 90% biodegradation in 6 months for aerobic composting, and 60% 
biodegradation in 2 months for AD. The lower biodegradation level and shorter time period 
for AD is due to the expectation that the process is generally shorter, and that a further 
composting stage is often used. The standard recommends that testing should be 
undertaken using the test method from ISO 14855, which requires the measurement of CO2 
emitted from the test sample as an indicator of biodegradation. The test sample must also 
be tested to make sure it has fragmented sufficiently, and that the resulting compost is not 
toxic to plants. 

The composting process is well understood and can be replicated in a laboratory fairly 
consistently due to the relatively high level of control that can be achieved in the industrial 
process. However, there are some issues with regard to how the process differs from 
country to country. In the UK, the composting process rarely runs beyond 90 days24—half of 
the time allowed for in the standard. This means that even where PAC plastic may pass 
EN 13432 within 6 months of treatment, it may not sufficiently biodegrade in practice in an 
industrial composting process designed with shorter residence times.  

There are various certification schemes that use either EN 13432 or EN 14995 as the criteria 
for certification, and for the subsequent issuing of a label that can be displayed on the 
product. Vinçotte’s OK compost certification and Din Certco ‘seedling’ mark are both well 
recognised for this, as reproduced in Figure 2. Vinçotte also certifies for home composting 
using EN13432 as a basis, but with reduced temperatures and increased time: this reflects 
the differences in home composting compared with industrial composting. 

Other standards include ASTM D6400 from the US and DIN V 54900 from Germany both of 
which are less strict than EN 13432 and require only 60% (90% for copolymers) 
biodegradation in 6 months.   

 

                                                      

 
24

 DEFRA (2015) Review of Standards for Biodegradable Plastic Carrier Bags, December 2015. 
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Figure 2: Vinçotte and Din Certco Compost Certification Labels 

   

 

3.2 Freshwater and Marine Standards 

There are far fewer standards that cover biodegradation in water and there is currently no 
recommended standard at the European level.  

The ASTM D7081 for ‘Non-Floating Biodegradable Plastics in the Marine Environment’ is the 
most notable standard that covers the marine environment, although it has been withdrawn 
as of 2014, and no replacement has yet been accepted. The reason for withdrawal was due 
to the period of its validity—8 years—elapsing rather than specific issues with the 
methodology. There are currently no equivalent ISO or EN standards. 

The test itself is similar in nature to the composting test, but with the samples suspended in 
30oC sea water. The standard requires that 30% of the carbon in the test sample is 
converted to CO2 after 180 days. This is much lower than is required for composting, but 
represents the level of biodegradation that is expected to occur when cellulose—the 
benchmark material for which materials are compared against for biodegradability—is used. 

European standard 1498725 is the closest to a freshwater standard with biodegradation 
targets. The scope of the standard is limited to the verification of whether a plastic material 
can be considered disposable in wastewater treatment plants. The test requires the use of 
bacteria taken from a wastewater treatment plant and is conducted at 20-25oC. It, 
therefore, ought only to be considered applicable to that specific environment. 
Nevertheless, the Vinçotte OK Biodegradable water label utilises the criteria set by the 
standard (90% biodegradation in 56 days) and requires the use of test standard ISO 1485126 
or ISO 14852.27  

The OK Biodegradable marine label requires conformity to ASTM D7081, however it also 
requires a much stricter biodegradation target of 90% in 6 months. There are currently no 
PAC plastics certified by Vinçotte for either of the two aqueous labels, and only six28 
manufacturers of other plastics (all bio based) have been certified for fresh water, and one 
for marine water (also a bio based plastic polymer)—compared with 19 for soil. This is, 

                                                      

 
25

 EN 14987: Plastics. Evaluation of disposability in waste water treatment plants. Test scheme for final 
acceptance and specifications 
26

 ISO 14851: Determination of the ultimate aerobic biodegradability of plastic materials in an aqueous 
medium -- Method by measuring the oxygen demand in a closed respirometer 
27

 ISO 14852: Determination of the ultimate aerobic biodegradability of plastic materials in an aqueous 
medium -- Method by analysis of evolved carbon dioxide 
28

 AIB-Vinçotte International (2016) OK biodegradable Marine OK biodegradable Soil and OK biodegradable 
Water Conformity Marks, 2016, http://www.okcompost.be/data/pdf-document/okb-mate.pdf 
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Table 1: Summary of Key Biodegradability Standards 

Standard Country 
Test 

Method 
Pass/Fail 
criteria 

Environment 
Biotic Degradation 

Test 
Disintegration Ecotoxicity 

EN 
13432/ 
14995 

Euro 

  
(uses EN 

14855 
method) 

 
Industrial 

Composting 

 Aerobic- 90% in 6 
months 

 Anaerobic – 50% in 2 
months 

 Aerobic – 90% pass through a 
2mm sieve after 3 months 

 Anaerobic- - 90% pass through 
a 2mm sieve after 5 weeks 

 90% plant germination 
compared with control. (OECD 

208) 

 Limits on heavy metals 

Vincotte 
OK 
Home 

Euro   Home composting  To EN 13432 but at 20-
30

o
C for 1 year 

 To EN 13432 

 No material visible in compost 
after test 

 To EN 13432 

 

ASTM 
D7081 

USA   Marine water 

 30% in 6 months 

 Should also pass ASTM 
D6400 (industrial 

composting) 

 70% pass through a 2mm sieve 
after 3 months 

 Fish or algae toxicity test 

 Limits on heavy metals 

EN 14987 Euro 

 
(uses 

ISO 14851 
or 14852 
method) 

 Waste water  90% after 56 days  None  None 

Vincotte 
OK 
Home 

Euro   Soil  90% in 2 years  None  None 

NF U52-
001 

France   
 Water 

 Soil 

 Compost 

 90% in 6 months 

 60% in 12 months 

 90% in 6 months 

 None 

 Plant and earthworm toxicity 
tests 

 Limits on heavy metals 
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Table 2: Test and Accreditation Standards for PAC Plastics 

Standard Country 
Test 

Method 
Pass/Fail 
criteria 

Abiotic Test Biotic Degradation Test Ecotoxicity Test 

BS 8472 UK   
 Exposure to photo/thermal oxidation 

20-70
o
C 

 Simple physical 
embrittlement/fragmentation test 

 Buried in soil at a concentration of 
0.2%. 

 Test stopped once 50% of carbon 
mass has evolved. 

 Partly evolved plastic is mixed with seeds 

 Germination is compared with control 

ASTM 
D6954 

USA   

 Exposure to photo/thermal oxidation 
at 20-70

o
C 

 <5% elongation at break and 
molecular weight (MW) of <5,000 

 Appropriate test environment 
used; soil, composting, or landfill. 

 Test stopped at 60% carbon 
evolution (90% for 

heteropolymers). 

 Aqua toxicity, plant germination and 
earthworm toxicity tests performed on 

samples. 

SPCR 141 Sweden   

 Test to BS 8472 or ASTM 6954 

 70
o
C max 4 weeks 

 <5% elongation at break and MW of 
<10,000 

 Soil or fresh water test. 

 Must reach 90% carbon evolution 
within 24 months or 60% without 

plateau. 

 90% disintegration (<2mm) within 
24 months 

 Partly evolved plastic is mixed with seeds 

 Germination is compared with control 

 Must reach 90% for germination and 
biomass 

AC T51-
808 

France   

 Absorbance increase at 1 714 cm
-1

 OR 

 Elongation at break 

(both values differ based on film thickness 
and test conditions) 

 ATP concentration 3x higher than 
control sample between 1 and 6 

months 

 ADP/ATP ratio  3 after 180 days 

 Bacteria is still viable at end of test 

Not included but implied in biodegradation 
tests 

S5009 UAE   
 Test to BS 8472 or ASTM 6954 

 <5% elongation at break and MW of 
<5,000 in max 4 weeks 

 Test to BS 8472 or ASTM 6954 

 60 % of the organic carbon must 
be converted to carbon dioxide 

within 6 months. 

 Heavy metal limits 

 No toxicity test included 

 

 























http://www.epi-global.com/en/products.php
http://www.p-lifeasia.com/










30   

A 2015 study undertaken by Michigan State University69 attracted significant media interest, 
with several editorials70, 71, 72 on the subject. These prompted statements from members of 
the PAC plastics industry73,74 which dismissed their findings. 

The experiments tested PE containing additives from three manufacturers—Reverte (Wells 
Plastics Ltd), Eco-one EL (Ecologic) d2w (Symphony)—for signs of biodegradation in 
simulated composting and landfill (discussed in Section 4.1.4) as well as real life soil burial 
tests (discussed in Section 4.1.3). The main PAC plastics industry criticism were that it is 
‘irrelevant’ to test PAC plastic for biodegradation in either landfill or composting as it is 
already known that these products will not biodegrade in these environments—or at least 
not to any of the relevant standards. Despite such statements, this independent research 
and the premise of these experiments is not without merit. 

All three manufacturers’ samples were subjected to a laboratory composting tests without 
any form of pre-treatment. This resulted in no signs of biodegradation after 140 days for all 
samples except for the cellulose control. Next, a sample of Symphony’s polyethylene was 
subjected to UV and heat treatment for 6.3 days—this is somewhat less than other tests 
have used and the author suggest this is the equivalent of 58 days in real life. Most other 
tests have used an equivalent real life exposure of 1 to 2 years. The resulting plastic had an 
elongation at break of 7% (very close to the 5% which is required under test standards for 
PAC plastic as specified in Table 2) whereby the author concluded that the plastic was of a 
low molecular weight, although this was not measured directly.  

Figure 9 show that the pre-treated PAC plastic (dotted orange line) displayed negligible 
mineralisation after 140 days whereas cellulose had mineralised by around 70%. It can be 
interpreted that the percentage mineralisation results are calculated from comparing the 
CO2 evolution results to those results for the blank sample; the mineralisation reversal for 
cellulose between around 60 and 100 days is not explained.  

                                                      

 
69

 Selke, S., Auras, R., Nguyen, T.A., Castro Aguirre, E., Cheruvathur, R., and Liu, Y. (2015) Evaluation of 
Biodegradation-Promoting Additives for Plastics, Environmental Science & Technology, Vol.49, No.6, pp.3769–
3777 
70

 Karen Laird, Plastics Today (2015) Biodegradation-Promoting Additives for Plastics Don’t Work, Says Study, 
accessed 1 June 2016, http://www.plasticstoday.com/biodegradation-promoting-additives-plastics-dont-work-
says-study/41370511921901 
71

 Jenny Eagle, FoodQuality (2015) Oxo-Biodegradable Plastics Association Claims MSU Study on Biodegradable 
Plastics is Misleading, accessed 1 June 2016, http://www.foodqualitynews.com/R-D/OPA-refutes-MSU-study-
on-biodegradable-plastics 
72

 Waste Management World (2015) Biodegradable Plastic Additives Dont Work, Claims MSU Study, accessed 1 
June 2016, https://waste-management-world.com/a/biodegradable-plastic-additives-dont-work-claims-msu-
study 
73

 EPI Environmental Plastics Inc. (2015) Statement Re: ‘Biodegradable Plastics Additives “Don’t Work”, Claims 
MSU Study” Published In Waste Management World, March 27, 2015’, 2015, http://www.epi-
global.com/files/epi_news/1428010553EPI_Response_to_MSU_Article_in_WMW.pdf 
74

 Willow Ridge Plastics, Inc. (2015) Statement Re: ‘Evaluation of Biodegradation-Promoting Additives for 
Plastics’, published in Environmental Science & Technology, February 27, 2015, 2015, 
http://www.willowridgeplastics.com/MSU-Study-Response.pdf 
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Figure 9: Biodegradation of PAC Plastic in Compost Samples 

 

Source: Selke (2015) 
75

  
‘PE S1 152 h’ = pre-treated PAC plastic, ‘PE S1’ = non pre-treated PAC plastic, others not containing any 
prodegradant additives.  

Finally, in 2008, Reddy et al76 studied the effects of specific bacteria on pre-treated PAC 
plastic samples. The pre-treatment consisted of oven heating at 70oC for 14 days which the 
author attributes to the equivalent of 4 years outside. The bacteria P. aeruginosa—o 
common bacteria found in compost—was used to inoculate the samples. Whilst the level of 
biodegradation was not measured throughout the experiment, both the carbonyl index and 
the molecular weight were. As seen in Figure 10 the molecular weight actually changes 
during the time in which the bacteria is present on the sample. The molecular weight is a 
calculation of the average over a sample so there will be areas where the molecular weight 
is higher and areas which are lower—demonstrated by the bell curve in Figure 10. These 
results indicate that the bacteria is only bio-assimilating the lower molecular weight 
fractions, which pushes the average of the remaining sample higher (line indicated as ‘after 
6 weeks biodegradation’), and that it is not able to ‘perturb’ high molecular weight 
fractions. The study also notes that the action of the microorganisms is only on the surface 
of the polymer. The paper provides some useful commentary on the biodegradation action 
of PAC plastic: 

“The results […] reveal that biodegradation is mainly because of the consumption of 
pro-oxidant aided oxidation products. The shift toward high molecular weight during 
biodegradation also suggests that pro-oxidant has ceased its action during the 
abiotic oxidation stage and is not helping the biodegradation. The results 
substantiate the oxo-biodegradation theory […] which suggests that an increase in 
the abiotic oxidation levels and consequent decrease in the average molecular weight 

                                                      

 
75

 Selke, S., Auras, R., Nguyen, T.A., Castro Aguirre, E., Cheruvathur, R., and Liu, Y. (2015) Evaluation of 
Biodegradation-Promoting Additives for Plastics, Environmental Science & Technology, Vol.49, No.6, pp.3769–
3777 
76

 Reddy, M.M., Deighton, M., Gupta, R.K., Bhattacharya, S.N., and Parthasarathy, R. (2009) Biodegradation of 
Oxo-biodegradable Polyethylene, Journal of Applied Polymer Science, Vol.111, No.3, pp.1426–1432 
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to under 5000 Da are required for achieving significant biodegradation in a 
reasonable time period. […] It has been proven that if the oxidized polyethylene has a 
molecular weight less than 5000 Da, a significant fraction of it will be in the range of 
1000–2000 Da and this fraction can be rapidly biodegraded. The vacancies produced 
due to biodegradation can then cause swelling and relaxation of the whole material 
structure, which will facilitate diffusion of water and soluble compounds inside and 
thereby, substantially accelerating the biodegradation.” 

Figure 10: Molecular Weight Changes during Biodegradation 

 

Source: Reddy (2009) 
77

 

 

4.1.2.1 Conclusion 

Hypothesis 2: PAC plastics should not be considered compostable. 

Supported. The PAC plastics industry generally avoids making claims that PAC plastic is 
compostable, which holds with the scientific evidence. 

It should be understood that PAC plastics manufacturers are not known to claim or promote 
their products as capable of making PE biodegradable in compost to EN 13432. On the 
contrary, they recognise and promote the idea that composting is not a suitable disposal 
environment for their products.  

One measure which can be used as a gauge to composting is the percentage mineralisation 
of the material within a specific timeframe (for instance 90% mineralisation within 6 
months, as discussed in Section 3.1 ). The scientific evidence suggests that whilst there is a 
small amount of biodegradation that takes place during industrial composting there are a 
number of conditions that affect the ability of PAC plastic to fully biodegrade and meet 
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4.1.3 Hypothesis 3: In open environments, PAC plastics biodegrade 
following their fragmentation. 

In the context of this study the term “open environment” primarily refers to uncontrolled 
depositing of the plastic on land. In practice this is mostly in the form of littering or 
mismanaged waste. The conditions for any possible degradation are therefore not 
controlled and can vary widely. Within this report we extend the term “open environment” 
to include PAC mulch films. Whilst these are a different application to the carrier bag, some 
of the evidence is applicable and relevant to help understand how PAC plastic behaves in 
soil. Mulch films are widely used as a protective covering in commercial agriculture to help 
provide improved conditions for crop growth by reducing weeds, maintaining moisture and 
protecting from extremes of temperature. They were created in answer to the problem of 
the disposal of conventional polyethylene mulch films which are difficult to recover, almost 
impossible to recycle due to contamination and cannot (legally) be incorporated into the 
soil.78 Whilst these films could be described as ‘managed’ this process usually involves 
ploughing the films back into the soil once the crop is harvested. After this is completed, 
there are no additional environmental controls—unlike composting—which can be used to 
manage and moderate the conditions experienced by the films. Comparing mulch films to 
plastic bags, the former is designed to be incorporated into soil whereas the latter ends up 
in soil as a result of a failure in waste management—including littering.  

The lack of conditions control does mean that it is difficult to study biodegradation in these 
open environments. Soil type and their bacteria populations, as well as climate and 
moisture levels all contribute to the degradation process and are extremely variable. This 
means that it is difficult to generalise laboratory test results. There are also an increasing 
number of test methods being used, some of which are linked to ASTM or ISO test 
standards. This adds further difficulty to the comparison of results across different test 
methods. 

In 2003, on behalf of Canadian PAC plastic producer EPI Environment, Chiellini79,80 tested a 
sample of LDPE film which contained an additive from EPI Environment called Totally 
Degradable Plastic Additives (TDPA) which is added in quantities of 2 – 3%81 to polymer 
resins. The additive concentration was not specified in the study, however. The results 
showed that between 49% and 63% mineralization occurred after approximately 600 days 
incubation. This is shown in Figure 11 where two different concentrations of LDPE to soil 
were tested—70 mg/g soil, (Q1) and 35 mg/g soil (Q2)—along with a paper control sample. 
Less than 5% degradation was recorded during the first 150 days (this is often referred to as 
the ‘lag phase’); thereafter an exponential increase saw the samples degrade significantly. 
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 Briassoulis, D., Miltiadis Hiskakis, Epifaneia Babou, and Ioanna Kyrikou (2014) Analysis of Long-term 
Degradation Behaviour of Polyethylene Mulching Films with Pro-oxidants under Real Cultivation and Soil Burial 
Conditions, Environmental Science and Pollution Research, Vol.22, No.4, pp.2584–2598 
79

 Emo Chiellini, and Andrea Corti (2003) A Simple Method Suitable to Test the Ultimate Biodegradability of 
Environmentally Degradable Polymers, Macromolecular Symposia, Vol.197, No.1 
80

 Chiellini, E., Corti, A., and Swift, G. (2003) Biodegradation of Thermally-oxidized, Fragmented Low-density 
Polyethylenes, Polymer Degradation and Stability, Vol.81, No.2, pp.341–351 
81
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PAC plastic products in the open environment. It is thus not possible to definitively conclude 
on the above questions, nor to give a decisive answer to the hypothesis overall.  

Two further questions then follow, as linked to the previous ones: 

4) whether [and how much] partly degraded plastic becomes mobilised during its 
degradation period; and 

5) what environmental impacts can be expected.  

Again these are challenging questions, and are a further focus for the hypotheses 
investigated under Section 4.2 

4.1.3.1 Conclusion 

Hypothesis 3: In open environments, PAC plastics biodegrade following their 
fragmentation.  

Partially Supported.  

A summary of the evidence can be found in Table 6. 

One of the key findings of this report is that, without exception, the scientific evidence 
suggests that the conditions present during the abiotic stage (which in most studies is 
simulated by some form of accelerated pre-treatment) of degradation will have a significant 
impact on the materials’ ability to subsequently biodegrade. Without this initial stage the 
PAC plastics will almost certainly fail to biodegrade in any meaningful way—the industry itself 
also confirm that this is the case and maintain that this is an important stage in the lifecycle 
of the product in making sure that the plastic does not degrade whilst it is still in use. 

The ATP test is questionable in whether it truly suggests biodegradation is happening at an 
acceptable rate and, as a relatively new method in this context, it has yet to gain universal 
acceptance—only the French standard uses it at present. A new method currently in 
development by Queen Mary University develops upon the ATP test by maintaining the use 
of isolated bacteria types, but directly measuring the CO2 evolution. It is therefore said to be 
possible to measure and track the level of biodegradation over time. This work is yet to be 
published, however, and whilst is does appear to directly indicate that bacteria can ‘feed’ on 
pre-treated PAC plastic, both the timescale until full biodegradation and how this might 
relate to real life in actual open environments is yet to be determined.  

The best level of biodegradation extrapolated by Queen Mary University’s work suggests that 
it would require over two years for PAC LDPE to biodegrade fully following a reduction in 
molecular weight to <5,000. This may be compared with the Jakubowicz 2011 soil burial tests 
of engineered short life PAC plastic, where 91% biodegradation was observed after two years 
following a simulated biotic oxidation period. This is the only peer reviewed study which has 
signalled a conclusive and positive result for biodegradability in soil, and 91% degradation at 
733 days following pre-treatment has to be considered as the shortest observed, albeit not 
typical, timeframe in which a consistent degradation of one particular product took place in 
experimental conditions.  

The important consideration is therefore determining whether this “shortest observed” 
timeframe (or any longer timeframe that may be anticipated for other products or for 
products in real life situations) is an acceptable period in which PAC plastic can remain in the 
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environment. It can be believed that degradation periods for PAC plastic can be much shorter 
than should be expected for degradation of conventional plastic, but consideration should be 
given to whether there are increased negative environmental impacts during this timeframe 
compared to counterfactual situations. 

It is also problematic that no dedicated standards are currently in place that allow the PAC 
plastics industry to test and certify their products within Europe. In the same way that 
industrial composters require their feedstock to be EN 13432 compliant, customers of PAC 
plastic can have no confidence that they are making the right purchasing decision in the 
absence of certification on products. At present any purchasing decision is mired in 
controversy and confusing information from different sources. 
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Table 6: Studies Testing the Biodegradability of PAC Plastics in Conditions Intended to Simulate the Open Environment 

This summary table uses a crude colour grading system to indicate certain methodological strengths and weaknesses; from green to red 
indicating favoured to less-favoured.  

Author 
Peer 

Review 
Additive (Supplier) Pre-treatment 

Number of 
Reps 

Degradation Status at end of test Time 

Laboratory with Ambient Temperature Soil (~23
o
C) 

Husarova (2009) Yes AddiFlex (Add-X Biotech) 40—80 days @ 70
o
C 3 13—16% Stopped Degrading 460 days 

Feuilloley (2005) Yes Actimais (Trioplast) None 1 1.8% - 84 days 

Chiellini (2003) Yes TDPA (EPI Environment) 44 days @ 55
o
C 3 49 – 63%  Slowly Increasing 600 days 

Jakubowicz (2011) Yes P-Life (P-Life Japan) 10 days @ 65
o
C 3 91% Slowly Increasing 733 days 

Jakubowicz (2003) 
Yes 

EKM  28 days @ 70
o
C 1 

60—65% (@ 
60

o
C) 

Stopped Degrading 200 days 

CNEP (2014) No D2w(Symphony) 17 days @ 60
o
C 3 Pass AC T51-808  Unknown 120 days 

Field Tests 

Fontanella (2010) Yes Not Specified 3 years outdoor 3 5 – 12% Stopped Degrading 325 days 

Briassoulis (2014) Yes Envirocare AG1000 (Ciba) 3 months outdoor 3 none Film still intact 8.5 years 

Briassoulis (2015) Yes Envirocare AG1000 (Ciba) None 3 none Film still intact 7 years 

Briassoulis (2015) 
Yes Envirocare AG1000 (Ciba) 

33 days UV @ 50
o
C 3 Fragmented 

Fragmented  
<0.5mm 

7 years 

Briassoulis (2015) 
Yes Envirocare AG1000 (Ciba) 33 days no UV @ 

50
o
C 

3 Fragmented Fragmented 
7 years 

Michigan University 
(2015) 

Yes 

Reverte (Wells Plastics 
Ltd),  

d2w (Symphony) 

None 4 each negligible - 
1095 
days 
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4.1.4 Hypothesis 4: PAC plastics do not biodegrade in landfill.   

The landfill environment is characterised by being an anaerobic process i.e. reactions occur 
that do not require oxygen as a catalyst. However, this is only after the material has been 
covered up significantly. Before that point, and when the material has access to air it can 
degrade aerobically. The key distinction from an environmental protection point of view is 
that aerobic degradation produces CO2 whereas anaerobic degradation produces 
methane—a greenhouse gas 25 times more harmful (on a 100 years’ time horizon)  than 
CO2. Although part of methane is captured by gas wells and subsequently degraded to CO2 
by flaring systems, a large part of it is released as a fugitive gas into the atmosphere, hence 
it contributes to the global warming effect. It is th erefore important to ascertain whether 
PAC plastic can degrade anaerobically in landfill. 

The benefits of PAC plastic in the landfill context have often been extolled. In a discussion 
piece by Wiles and Scott103 (Scott is widely believed to be the inventor of PAC plastic) the 
use of PAC plastic as bin liners can provide a useful function by fragmenting and therefore 
allowing its contents to mix and settle easier. The use of PAC plastic as a daily landfill cover 
under the brand Envirocover104 from EPI is also suggested as a good and cost effective 
alternative to soil. Again, its ability to fragment is the key selling point. 

It is also suggested105 that even materials that are anaerobically biodegradable such as 
paper may not fully biodegrade in a deep landfill due to the cold, dry environment. 
However, abiotic degradation—observed by a reduction in elongation at break after 98 
days— of PAC plastic can still occur at depths of 2 meters.106  

Very few recent studies are available on the subject of biodegradation of PAC plastic in 
landfill. This is possibly due to the less contentious nature of the issue—i.e. different 
materials already either biodegrade or are inert in landfill, therefore whichever behaviour 
PAC plastic takes is unlikely to change how we view and manage landfill.  

Since deep landfill is known to contain very little oxygen, much of the biodegradation takes 
place anaerobically. In 2007 California University107 looked at a number of materials in 
different environments (the study is also cited in other hypotheses within this current 
report). One of these environments was anaerobic digestion (AD). Whilst this is not an 
accurate portrayal of landfill conditions, the process is anaerobic and therefore gives a good 
indication of how PAC plastic may behave in this environment. In this case no 
biodegradation was measured over 43 days whereas 6% biodegradation was observed for 
paper. This is obviously a very short period of time when compared to landfills that are 
expected to last for many years. 
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A recent study from the Czech Republic108 attempted to test for biodegradation in landfill of 
various plastic and non-plastic carrier bag materials that are marketed as biodegradable or 
oxo-biodegradable. The samples were inserted into a working landfill using a recoverable 
cage and left for one year. After this time, the materials were excavated and examined. All 
of the plastic materials including a PAC plastic with TDPA additive showed no signs of 
disintegration or even a significant change in the colour printing on the outside of the bag. 
The control—cellulose—displayed almost complete biodegradation in that time which 
demonstrated that the conditions were suitable and representative. 

4.1.4.1 Conclusion 

Hypothesis 4: PAC plastics do not biodegrade in landfill. 

Supported. The evidence supports the hypothesis. 

The issue of whether PAC plastic degrades in landfill is not as straightforward as some of 
the other environments. In this case, as a semi-managed environment there are controls 
in place, however there is also a lot that is not fully understood about how individual 
materials behave within a landfill. Whilst PAC plastic may biodegrade in the upper levels 
of a landfill in aerobic conditions (see hypotheses 2 and 3) and therefore produce CO2, it 
has already been demonstrated that this happens at a very slow rate, and only if abiotic 
degradation has already occurred. The limited evidence that is available suggests that 
deeper in landfill under anaerobic conditions there will be little or no biodegradation 
taking place. In this case, the carbon is effectively sequestered, avoiding the direct release 
of GHGs to the atmosphere.   
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4.1.5 Hypothesis 5: PAC plastics biodegrade in marine 
environments. 

Although this hypothesis is aimed at the biodegradability of oxo-degradable plastic in 
marine environments—specifically marine water—the evidence for degradation in fresh 
water will also be investigated. As is discussed further in Hypothesis 7, rivers are one of the 
key transport mechanisms for microplastics into the oceans, and therefore it is also 
important to consider how PAC plastic might behaves once entered into these 
environments. 

As part of an evidence review for UNEP109 Dr Peter Kershaw concluded that; 

“The fate of these fragments (microplastics) is unclear, but it should be assumed that 
oxo-degradable polymers will add to the quantity of microplastics in the oceans, until 
overwhelming independent evidence suggests otherwise.” 

Kershaw also suggested that PAC plastic can persist for 2 to 5 years in the marine 
environment leading to undesirable impacts. 

Scientifically, there has been far less focus on these environments until recently because: 

 Only in the last decade has plastic pollution in the marine environment become an 
important and mainstream issue; 

 The marine environment is diverse and includes many sub-environments such as 
beaches and sediments as well as differing depths of water; 

 It is much more difficult to study and replicate tests; and consequently 

 There are very few national and international standards that cover the behaviour of 
material in aquatic environments. 

This means that the body of evidence is not as comprehensive as compared to that related 
to compost and soil, and the test methods can differ greatly. The following is an overview of 
the scientific evidence with regard to biodegradability of PAC plastic in the marine 
environment. 

Chiellini, who had previously studied the biodegradability of PAC plastic in soil and compost, 
conducted a study110 in 2006 which looked at the degradability of the same material – TDPA, 
from EPI Environment – in fresh water. The plastic material was tested in two forms, 
containing either 10% or 15% pro-oxidant additive. After 100 days of incubation, the 
material containing the highest level of additive degraded by around 10%, as seen in Figure 
18. Higher degradation rates of up to 40% were, however, achieved using extracts of 
oxidised polymer with a low molecular weight compared to the complete film. 
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Figure 18: Mineralisation of PAC Test Samples in Fresh Water 

 

Source: Chiellini (2006) 

In 2007, California State University,111 on behalf of California’s Integrated Waste 
Management Board conducted bio-degradation tests on a range of bio-based materials in 
marine water without applying any sort of pre-treatment. It tested plastic film containing 
EPI’s TDNA – the same additive used in the Chiellini experiments, although the additive 
concentration is not disclosed.  

Sample material was tested for biodegradation in marine water using ASTM D6691112. This is 
a test method for determining aerobic biodegradation of plastic materials in the marine 
environment. The test method is said to demonstrate satisfactory degradation if, after 12 
weeks (84 days), at least 70 per cent of the material disintegrates. After 60 days the test 
found that the PAC material experienced no signs of disintegration. This was similar to all 
the other materials on study apart from one type of bio-based PHA, which degraded by over 
60%. Further tests were also conducted with the PAC material by introducing UV light and 
heating up to 35oC for 14 days during submersion in sea water (i.e. a simulated accelerated 
aging). No weight loss was observed after that time, but the samples became brittle and 
several of the samples could be pulled apart and broken; this was considered to be due to 
polymer chain scission caused by the UV light, i.e. part of the abiotic degradation processes. 
The study concludes that more work is necessary to understand how these plastics break 
down in the marine environment. 

The results of the test are perhaps not surprising given that the PAC plastic was not 
subjected to any kind of [accelerated] abiotic pre-treatment. As has been confirmed from 
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the investigation into soil and composting environments, the incorporated anti-oxidant 
package helps to slow the abiotic degradation to lower molecular weight polymer chains, 
which would then be more readily bio-available for biotic degradation. Without significant 
reduction in molecular weight, which is unlikely to have occurred in these tests, PAC plastic 
is not expected to biodegrade. Furthermore, sea water is a much less aggressive 
environment for biodegradation.  

In order to investigate the potential consequences of PAC plastic becoming marine debris, in 
2012, Müller et al113 used the gastrointestinal fluids of sea turtles to study whether three 
kinds of typical shopping bag material would degrade: conventional HDPE; bio-based; and 
PAC polyethylene with d2w additive, from Symphony Environmental. All plastics were 
sourced from supermarket bags available in Australia. Again, no pre-treatment was used to 
simulate the abiotic phase (except for the time spent between manufacture and retrieval 
from the supermarket). As well as testing each material in triplicate in the gastrointestinal 
fluids, both salt and fresh water controls were also used. 

The degradation rate was measured over 49 days, but showed no significant change in mass 
for either the PAC or conventional plastic in any of the test environments. The bio-based 
plastic showed a decrease in mass of between 3 and 9 per cent—however it was noted that 
this is considerably less than other studies have shown over the same period in 
environments such as industrial composting.  

Along with the soil bacteria tests conducted by Queen Mary University (see Hypothesis 2) 
the same tests were also undertaken using bacteria from the marine environment—A. 
borkumensis. Again, we are not at liberty to publish full results but have been permitted to 
present a summary of the findings to date. 

The results are very similar to those which were observed for the soil samples. It 
demonstrates that marine bacteria are just as capable of biodegrading the PAC plastic as soil 
bacteria. Both the tests for soil and marine bacteria were carried out using the same 
concentrations of bacteria on the samples. This allows direct comparisons to be made. In 
this, case it is clear there is very little difference between the bacteria in terms of their 
ability to feed on the plastic. In terms of translating these results to real life, this is even 
more fraught with difficulty for the marine environment. Directly comparing bacteria at the 
same concentration may be sufficient for the laboratory: however these bacteria are likely 
to be present in far lower concentrations in the marine environment than they are in the 
soil. Other factors aside, one would therefore expect the biodegradation process to proceed 
more slowly in the marine environment, especially without the presence of other aggressive 
attacks from fungi. The hydraulic action of the sea may also be relevant; for instance, once 
the plastic is abiotically degraded and brittle, it might be expected that this would 
encourage fragmentation.  

Further tests have also been carried out by Queen Mary University on samples that have 
been aged naturally. These samples were the products of the aging experiment that was 
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conducted by SEVAR114 on behalf of Symphony (detailed in Hypothesis 1). The particular 
samples taken forward for biodegradation experiments were aged under 40cm of sea water 
for 60 months which resulted in a molecular weight of 14,000 for PAC LDPE, and 75,000 for 
conventional LDPE. During the biodegradation tests, PAC plastic was then found to degrade 
more than the conventional plastic.  

These findings suggest that during pre-ageing under water, PAC plastic is much more 
susceptible to UV degradation than conventional plastic (as demonstrated by the large 
difference in molecular weight). The biodegradation tests also indicate that bacteria can 
feed off plastic measured with a higher molecular weight than the 5,000 limit often used to 
characterise this. It is important to recognise, however, that molecular weight figures are an 
average across the sample, therefore there will be areas of the plastic that are above the 
measured value and areas that are below (i.e. potentially below <5,000).  

Early indications from the ongoing Queen Mary University studies suggest that 
biodegradation using marine bacteria takes considerably longer than is the case for soil 
bacteria—even in the few experiments that showed a consistent degradation. It should also 
be understood that these tests are conducted with equivalent concentrations of marine and 
terrestrial bacteria. On the assumption that the availability and concentration of bacteria in 
land environments is much greater than for marine environments, biodegradation of PAC 
plastic in a true marine environment can be expected to be further considerably impeded. It 
must be stressed that these theories are based on preliminary tests only, and further 
analysis is required when the tests have been completed. Nevertheless, as one would 
expect from the hierarchy of aggressive environments presented in Figure 1 on page 7, 
there is a clear indication that marine biodegradation will happen at a much slower rate 
than soil degradation – if it is to occur at all in practice.  

From the limited evidence available, it can be believed that abiotic degradation and 
fragmentation of PAC plastics can occur in marine environments, even if this may be 
reduced compared to land based environments. However, whether biodegradation can be 
expected to occur in any acceptable timescale, if at all, is far from certain.  

This therefore leaves similar environmental concerns as with conventional plastic in marine 
environments, but with PAC plastic having a potential increased propensity to fragment to 
microplastic debris. Further discussion on this is undertaken in Hypothesis 7. 

4.1.5.1 Conclusion 

Hypothesis 5: PAC plastics biodegrade in marine environments. 

Inconclusive. There is partial evidence to support, there is partial evidence to refute.  

A summary of the evidence can be found in Table 7. 

Currently there is insufficient evidence showing biodegradation of PAC plastic in the 
marine environment. There is some evidence from a few trials that certain bacteria found 
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in marine waters can attack and consume PAC plastic so long as it has been sufficiently 
abiotically degraded beforehand. However, this process appears to occur at a 
considerably slower pace than in similar tests run in soil, and the low concentration of 
bacteria in marine environments casts additional doubt on whether biodegradation may 
occur in real life situations to any meaningful degree. 

Very little testing has been undertaken and there are currently no standards that can be 
met that will allow a certification. The replication of marine environments for laboratory 
testing is fraught with difficulty—something which also impacts bio-based plastics. If any 
such standard were to be developed, it should be enforced that any ‘marine degradable’ 
certification should not be used for marketing purposes (i.e. as a selling point) to avoid 
any potential weakening efforts made on litter prevention in practice.  

The timeframes and expected impacts are particularly important to consider for the 
marine environment. The evidence suggests that PAC plastic in aqueous environments 
can experience polymer chain scission to lower molecular weights over and above that for 
conventional plastic, thus encouraging fragmentation to microplastics. But with much 
slower biodegradation expected in water compared to land based open environments, 
this presents serious environmental concerns. 

In soil, a conclusion was given in the literature that “…it is possible to create LDPE-based 
materials that will almost completely biodegrade in soil within two years. It also indicates 
that the risk of plastic fragments remaining in soil indefinitely is very low.” 115 No such 
assurances can be made for PAC plastic in marine environments. This highlights the 
concern that plastic fragments may be generated and remain either indefinitely, or for 
long enough to cause significant environmental damage. Such issues are considered 
further within Hypothesis 7. 

                                                      

 
115

 Jakubowicz, I., Yarahmadi, N., and Arthurson, V. (2011) Kinetics of Abiotic and Biotic Degradability of Low-
density Polyethylene Containing Prodegradant Additives and its Effect on the Growth of Microbial 
Communities, Polymer Degradation and Stability, Vol.96, No.5, pp.919–928 



57 

Table 7: Studies Testing the Biodegradability of PAC Plastics in the Marine and Fresh Water Environments 

This summary table uses a crude colour grading system to indicate certain methodological strengths and weaknesses; from green to red 
indicating favoured to less-favoured.  

Author 
Peer 

Review 
Additive (Supplier) Pre-treatment 

Number 
of Reps 

Degradation 
Status at end of 

test 
Time 

Seawater 

California University (2007) No TDPA (EPI Environment) None 2 None - 60 Days 

Müller (2012) Yes d2w (Symphony) None 3 Negligible - 49 days 

Fresh Water 

Chiellini (2007) Yes TDPA (EPI Environment) 25 days @ 70
o
C 3 10% Slowly Increasing 100 days 

Müller (2012) Yes d2w (Symphony) None 3 Negligible - 49 days 

Marine Animals 

Müller (2012) Yes d2w (Symphony) None 3 Negligible - 49 days 
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4.2 Issues of Littering 

4.2.1 Hypothesis 6: In soil, fragmented and potentially partially 
degraded plastics and their additives pose no negative effects 
to soil quality or ecosystems. 

The issues surrounding the toxicity of the materials and chemicals used in the production of 
PAC plastic have been the focus of some debate in recent years. This has usually focused on 
two specific questions: 

 Do the additives contain heavy metals or other toxic substances? And 

 Will these substances cause any direct harm if the product breaks down in soils? 

The main substances used to produce the additives are salts of manganese, iron or cobalt.116 
Cobalt was already highlighted as a substance of concern in Section 4.1.3, where 
Fontanella117 found that high levels of cobalt in one of the additives used in study 
contributed to the failure of the bacteria viability test—i.e. it killed the bacteria. The OPA 
state that this additive is used for transparent plastic only,118 although a recent conference 
paper119 suggests that cobalt can be used as an additive to initiate the oxidative degradation 
of HDPE when it is initiated by heating compared with the usual mechanism of UV light—it 
therefore appears to have applications beyond transparent plastic. 

Due to the concerns over toxicity, BS 8472 (UK), ASTM D6954 (USA) and SPCR 141 (Sweden) 
all include some form of toxicity test or heavy metal limit that the sample must pass. 
Notably, however, the two best known standards that provide actual certification criteria—
AC T51-808 (France) and S5009 (UAE)—do not specify any form of toxicity test (see Table 2 
in Section 3.4) although the ATP test used in AC T51-808 assumes that if the bacteria are still 
active on the sample, then they have not been adversely affected by the material or its 
additives.  

Most standards specify a minimum of a plant germination test using OECD 208.120 This test 
guideline is designed to assess effects on seedling emergence following exposure to the test 
substance applied to the soil surface or into the soil. Only SPCR 141 specifies a target for this 
test of 90% germination compared with a control sample. Other standards do not specify a 
target. Some standards also specify an earthworm toxicity test (OECD 207121), but again, no 
targets are given.  

S5009 specifies limits for the maximum concentration of metals in the final untreated PAC 
plastic material—including cobalt. The reasons for the choice of these limits is unclear as 
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Ingestion 

The propensity of an item to be ingested depends upon its size as well as the species 
concerned. For example, whales have been known to ingest large items, with a recent 
example being the discovery of a 70 cm piece of plastic from a car in the stomach of a 
beached sperm whale.165 At the other end of the scale, plastics found to have been ingested 

by zooplankton in nature were in in the 0.5-1mm range, andin the labmuch smaller 
particles of plastic 1.7-30.6µm were consumed.166, 167 Additionally, the number of items in 
the environment is likely to be correlated with ingestion rates.168 Buoyancy, or propensity to 
circulate, will also influence the availability of the item for ingestion—this also depends on 
the potential ‘ingester’ and where it is located.  

Therefore, ingestion is a hazard over a wide range of sizes. As an item fragments, the 
following consequences follow: 

  There are more items, presenting more opportunities for ingestion; and 

 The number of species and individuals that can ingest the item increases (generally 
speaking, population size is larger the smaller is the species’ body size).169 

It follows that PAC plastics entering the marine environment whole initially have the same 
propensity to be ingested as conventional plastics. In comparison, plastics entering as 
fragments have a greater propensity to be ingested: it can be reasoned that PAC plastic is 
more likely to enter as fragments than conventional plastics, which is an important 
determinant of impact. Although no known study to date has explored the issue, an 
acceleration of the time before fragmentation may decrease the opportunity for litter 
clearance (or the possibility of natural burial in soil etc.) and increase the propensity of the 
items to be carried to the sea by wind and water. Therefore in the short- to medium-term, 
PAC plastics may have a greater impact in terms of ingestion than conventional plastics. PAC 
plastic could have the effect of bringing forward in time the ingestion impacts compared to 
conventional plastics, along with the potential for increased impacts should the likelihood of 
PAC plastics entering the marine environment be increased.  

There is no established lower size threshold at which plastics no longer present ingestion 
hazards to any species. However, it is reasonable to assume that there is one – a point at 
which the plastic ceases to cause direct physical damage to the digestive system or indirect 
effects on the digestive process or satiety. This is likely to be larger for larger animals and 

                                                      

 
165

 Ministerium für Energiewende, Landwirtschaft, Umwelt und ländliche Räume, Schleswig-Holstein, Press 
release, 23/03/2016 http://www.schleswig-
holstein.de/DE/Landesregierung/V/Presse/PI/2016/0316/MELUR_160323_Untersuchungsergebnisse_Pottwal
e.html 
166

 Desforges, J.-P.W., Galbraith, M., and Ross, P.S. (2015) Ingestion of Microplastics by Zooplankton in the 
Northeast Pacific Ocean, Archives of Environmental Contamination and Toxicology, pp.1–11 
167

 Cole, M., Lindeque, P., Fileman, E., Halsband, C., Goodhead, R., Moger, J., and Galloway, T.S. (2013) 
Microplastic Ingestion by Zooplankton, Environmental Science & Technology, p.130606145528005 
168

 van Franeker, J.A., Heubeck, M., Fairclough, K., et al. (2005) ’Save the North Sea’ Fulmar Study 2002–2004: A 
Regional Pilot Project for the Fulmar-Litter-EcoQO in the OSPAR Area, 2005, 
http://www.vliz.be/imisdocs/publications/72498.pdf 
169

 Cotgreave, P. (1993) The Relationship Between Body Size and Population Abundance in Animals, Trends in 
Ecology & Evolution, Vol.8, No.7, pp.244–248 



77 

smaller for smaller organisms. PAC plastics will reach this point sooner than conventional 
plastic. Because of this, the ingestion impacts of PAC plastics over their marine lifetime may 
be lower than conventional plastic assuming that the propensity to be ingested is reduced in 
time by plastic reaching the lower size thresholds more quickly. Quantifying the extent to 
which this is true is not currently possible given the present state of knowledge about the 
lifecycle of plastics in the marine environment. However, any reduction in the propensity for 
plastic fragments to be ingested may be counterbalanced by a higher peak in frequency 
distribution for PAC plastics over a shorter time period. For example, impacts will be felt by 
a greater proportion of individuals within a population and proportion of species, which may 
challenge the capacity of an ecosystem to absorb those impacts over the shorter time 
period. Higher ingestion concentrations at one time point are likely to be more detrimental 
to any given individual. This hypothesis is described graphically in Figure 21. The area under 
both lines is roughly equal—indicating a similar overall impact—but the impacts of PAC 
plastic are greater for a shorter period, whereas conventional plastic’s impacts are smaller 
for a greater period of time. At this moment it is not possible to quantify either of the two 
axis in terms of the relative impacts or timescale involved. 

Figure 21: Conceptual PAC/Conventional Microplastic Impact Comparison 

 

 

Additionally, borrowing a widely applicable principle from economics, benefits or dis-
benefits in the future are smaller in present day values – they are “discounted” – compared 
to benefits or dis-benefits experienced in the present. Nonetheless, it may also be reasoned 
that even if accelerated fragmentation were to reduce the propensity in time to be 
ingested, the same property may also mobilise greater amounts of plastic to enter marine 
environments and reduce possibility for litter removal, constituting another factor that may 
outweigh any improvement.  
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It remains true that ingestion impacts are not eliminated for PAC plastics. 

The comparative likelihood of ingestion is shown in Table 9. This shows that the risk is 
assumed to be similar although the risk may be slightly higher for PAC plastic if we assume 
that the microplastic fragments are more likely to be mobilised towards rivers and oceans. 

The relative impacts of ingestion are summarised in Table 10. This takes into account the 
timescales where a short term ‘spike’ (as demonstrated in Figure 21) may be more impactful 
than spreading the propagation of microplastics over the longer term. 

Table 9: Likelihood of Ingestion Risk (Microplastic Formation) 

Material 
Likelihood of Ingestion Risk (Microplastic 

Formation) 
Symbol 

Conventional 
Plastic Bag 

Conventional plastic bags are highly likely to 
become a risk if they enter the ocean as a 

microplastic. It is less likely that they will enter the 
ocean as a microplastic but it is highly likely that 

they will become a microplastic (albeit in a longer 
timeframe than for PAC plastic).  

PAC Plastic 
Bag 

PAC plastic bags are highly likely to become a risk if 
they enter the ocean as a microplastic. It is more 

likely that they will enter the ocean as a 
microplastic than for conventional bags. It is also 
likely that they will fragment to microplastics in a 

reduced time period, effectively increasing 
instantaneous microplastic concentrations. 

 

 

Accumulation and Transport of Toxic Substances 

Regarding the accumulation and transport of toxic substances, it is important to understand 
how quickly plastic reaches maximal absorption of these hydrophobic organic compounds 
(so-called ‘equilibrium’), and what influences this and to what extent. 

For example, if it took a sizeable and greater proportion of the lifespan of PAC plastics at sea 
for these compounds to accumulate to the same level as in conventional plastics, we might 
start to judge that the potential impacts of this accumulation would be lessened for PAC 
plastics. 

However the evidence tells us that maximal absorption is reached in relatively short 
timescales – days for very small microplastics (smaller than a millimetre) and months for 
microplastics of the size of  pre-production pellets (a few mm across) (see Table A - 1 in 
Appendix A.1.0). A general trend is that polypropylene takes less time than polyethylene 
(carrier bags are usually made from polyethylene); one study showed that LDPE takes less 
time to reach maximal sorption than HDPE (carrier bags can be made of either). Another 
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trend is that weathered plastic may have a higher capacity to absorb pollutants and that this 
takes longer per unit of pollutant than virgin plastic; however, the time to maximal 
absorption is still in the order of months.170  

Regardless of the factors causing variation in the time taken to maximal sorption, it seems 
likely that this occurs well before PAC plastics will complete their lifecycle and hence behave 
similarly to conventional plastics. The impact profile over time is expected therefore to 
follow that for ingestion, but specifically for microplastic ingestion, as the increased surface 
area to volume ratio means that sorption and desorption can happen more quickly, 
speeding the transfer of toxic substances. The fact that weathering may increase the 
capacity of plastics to absorb pollutants will further potentiate the impact of PAC plastics, if 
they attain the characteristics of weathering sooner than conventional plastics. 

As per the discussion above, the time point at which PAC plastics produce a maximal 
quantity of microplastics will be significantly sooner than conventional plastics, along with 
the impacts of plastic-associated chemicals. The lower size threshold at which these impacts 
stop occurring is not known; however, this will also occur sooner in PAC plastics than 
conventional plastics. 

Summary 

Table 10 summaries the interval after which plastic enters the marine environment that it is 
expected to have the listed impact and the point at which the impact is expected to cease or 
diminish. The implications for PAC plastics are considered and ranked according to how 
similar their impacts relative to conventional plastics (1=impact is reduced, 3 =impact is 
increased). 

The table demonstrates that the impacts are potentially lessened for entanglement and 
smothering due to the lower likelihood of the plastic entering the marine environment 
whole. The impacts, both physical and toxicological of the ingestion of microplastics are 
considered to increase due to the relative increase in the number of microplastics—due to 
greater mobilisation—and the higher concentration of these impacts—due to the 
propensity to fragment quicker—over a shorter space of time. 
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Table 10 Impact of Plastic on the Marine Environment over Time and Implication for Impact of PAC Plastic, Ranked by 
Similarity to Lifetime Impacts of Conventional Plastic. (1=impact is reduced, 3 =impact is increased) 

Impact 
Characteristic 

of plastic  
Start of 
impact 

Development End of impact Implication for PAC plastic Relative 
Impact  

Entanglement 

Intact shapes: 
Cord-like 
nature, looped 
features, 
openings  

Immediate 

Impact remains as 
long as hazardous 
shape remains 
intact 

Impact ended if 
degradation leads 
to disintegration 
of shape. 

If PAC plastic is more likely to enter the marine 
environment fragmented (microplastics), or if hazardous 
feature broken down earlier, impact reduced.  

1 

Smothering and 
Abrasion 

Size, density 
i.e. sinking 
plastic. 

Immediate 
Impact decreases 
over time as item 
fragments. 

Lower dimension 
threshold 
uncertain. 
Intermediate 
entanglement 
and ingestion 
impacts. 

If PAC plastic is more likely to enter the marine 
environment fragmented (microplastics), or if hazardous 
feature broken down earlier, impact reduced. 

1 

Ingestion 
(physical 
consequences) 

Size; also the 
related feature, 
frequency. 

Immediate 

Impact increases 
as item fragments 
– more species 
can ingest and 
more pieces to 
ingest 

At some 
undefined point 
for each species 
lower size 
threshold for 
impact reached. 
Likely to be small.  

 More microplastics due to increased fragmentation 

 Impacts brought forward in time. 

 Lifetime impacts may be reduced to some extent if 
accelerated degradation avoids ingestion.  

 Marine impacts may also be increased because of 
higher proportion of individuals/species impacted at 
one time and higher concentrations within individuals.  

 Accelerated degradation might also increase absolute 
quantities of plastic entering the marine environment.  

3 

Accumulation 
and transport of 
toxic substances 

Time taken for 
maximal 
sorption to be 
reached 

Days or 
months 
depending 
on size. 
Larger= 
longer 

Impacts increase 
over time as 
fragmentation 
continues, items 
become smaller, 
reach maximal 
sorption faster 
and are greater in 
number 

Unknown lower 
size threshold at 
which impacts 
end. 

 PAC plastics expected to have impacts sooner, though 
end earlier, hence lifetime impacts may be reduced to 
some extent.  

 Marine impacts may also be increased because of 
higher proportion of individuals/species impacted at 
one time and higher concentrations within individuals. 

 Accelerated degradation might also increase absolute 
quantities of plastic entering the marine environment. 
Impacts not eliminated. 

3 
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4.2.3.6 Issues Related to Molecular Weight 

Alongside the issues of the potential impacts that PAC plastic can have in the marine 
environment, it is also important to address issues surrounding whether low molecular 
weight plastic can still be considered a plastic. The PAC plastics industry argue that 
below 5,000 Dalton, PAC plastic is no longer plastic and will not behave in the same way 
as conventional plastic. 

This issue has already been highlighted in a report171 for the European Commission 
investigating plastic ‘microbeads’ that appear in some cosmetics. It was also speculated 
that other lower molecular weight ‘waxes’ could also be an environmental issue.  

Figure 22 shows that polyethylene of a molecular weight of 5,000 could be considered in 
the realms of soft-brittle waxes. 

Figure 22: Physical Properties of Polyethylene 

 

Source: Engineering Design with Polymers and Composites
172

 

In order to investigate this further it is useful to look at other low molecular weight 
polymers and whether they have been observed to biodegrade in the marine 
environment. Polyethylene glycol (PEG) is a commonly used polymer in cosmetics. A 
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recent study173 looked into the degradability of PEG in waste water treatment (WWT), 
fresh water and sea water. Bacteria from each source were used to simulate the 
conditions for each environment. Complete biodegradation was observed for all grades 
of PEG up to a molecular weight of 57,800 in WWT sludge and fresh water. In sea water 
PEG over 7,400 was only partially degradable. It took around 100 days for PEG with a 
MW of 4,500 to biodegrade. PEG with a MW of 14,600 only biodegraded by 40% over 
180 days—and degradation had levelled off from 50 days onwards. 

This confirms that—certainly for PEG—that the lower MW polymers will biodegrade 
much more freely in sea water. It also appears that complete biodegradation may not 
occur over 5,000 Dalton.  

In applying these findings to PAC plastic, it should also be recognised that the abiotic and 
biotic degradation processes will not take place entirely one after the other, but can 
happen concurrently. As areas of the PAC plastic reduce to a low molecular weight these 
areas may become bioavailable while the rest of the material continues to biotically 
degrade. By comparison, this action is not promoted in conventional plastics (or PEG). 
What these results indicate is that materials must be sufficiently reduced in MW to 
become bioavailable. If, for any reason, this process is not allowed to happen or is 
incomplete, then there is a significantly greater risk of the PAC plastic remaining in a 
polymer state. As it is difficult or even impossible to control exactly what happens to the 
PAC plastic once it is littered, it cannot be assumed that abiotic processes will take place 
sufficiently in all cases and situations. 
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Mauritius, Yemen, Iran, Serbia, Kosovo, Albania, and [parts of] Brazil”. 226  In researching 
available published information from these countries, no evidence that could be said to 
be scientific in nature was located. Furthermore, it is believed that the regulations in a 
number of these countries have been overturned, or subjected to review, or have been 
ineffectively implemented. As such it is difficult to verify with certainty if the laws 
implementing such measures are still in place. 

4.4.2 Policies Advocating a Ban on PAC Plastic as a Component 
Part of a General Ban on all Plastic  

Many European countries have implemented a levy system in relation to the use of 
plastic bags by consumers.227 Such levies typically do not differentiate between different 
types of plastics and are introduced with the aim of minimising the use of such plastic 
bags in general terms. Specific mention of PAC plastic is made in some countries, for 
example France where a ban on all lightweight plastic carrier bags, including oxo, came 
into force on 1 July 2016. Government officials have highlighted the level of waste plastic 
dumped at sea as one of the main reasons for seeking such a ban.228 The Walloon region 
of Belgium is set to implement a similar ban in 2017229and California is also considering a 
similar general ban230, as is Canada from 2018231. China reportedly banned thin plastic 
bags in 2008, whereby use dropped by 40 billion bags a year.232 In 2011, Italy passed a 
law banning the distribution of bags that are not reusable or are not made of non-
biodegradable plastic (i.e. all plastics not complying with EN 13432, hence including PAC 
plastic in the ban) at shops and retail points.233  

Primarily, the rationale for such blanket bans is to reduce the level of plastic consumed. 
It has been asserted in relation to many of these measures that the use of PAC plastic is 
not a proper alternative as it remains fundamentally comprised of ordinary plastic. Also, 
many reference the fact that its ability [and likelihood] to degrade has not been properly 
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verified and as such it should be included in bans implemented to apply to all types of 
plastic. 234 235 

The instrument introducing a charge on single use carrier bags in England includes 
provision for a review of industry standards for the biodegradability of certain 
lightweight plastic material to allow for the possibility for exclusion from the legal 
obligation. This review has now been completed but without being able to conclude that 
an exclusion would be warranted for certain types of carrier bags on grounds of 
biodegradability. The review cites issues that may arise for the plastic processing 
industry (as discussed in Section 4.3 above), as well as the lack of a standard 
specification that would ensure that plastic bags claiming to be biodegradable would 
biodegrade in all environments.236  

4.4.3 Policies Advocating a Ban on PAC Plastic 

In the case of agricultural mulch films, the Environment Agency in England prohibits un-
degraded oxo-degradable plastics from being returned to the soil by ploughing in. As a 
result, all agricultural films in the UK are required to be removed from the land and 
recycled or disposed. Reasons given for the prohibition are the lack of compostability of 
PAC plastic237 and “because it is not considered beneficial or environmentally benign”238.  

In California, according to public Resource Code Section 42357, the sale of plastic bags 
labelled as “biodegradable” or similar terms is prohibited. The terms “compostable” or 
“marine degradable” may only be allowed where the bags meet the ASTM standard. Due 
to the inability of PAC plastic to meet the ASTM standards, this effectively renders them 
unsaleable in California.  
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5.0 Summary and Recommendations  

5.1 Summary 

Concerning issues of biodegradability, from the available evidence within published 
literature and from stakeholder inputs, the following key conclusions can be drawn: 

 The evidence suggests that PAC plastic is not suitable for any form of 
composting or Anaerobic Digestion process. Whilst PAC plastics industry 
sources also agree with this in an official capacity, we are aware of incidents 
where PAC plastic is marketed as suitable for these processes. PAC plastics 
are designed to degrade in much slower timeframes than are required for 
industrial composting and, therefore, there is a risk that fragmented plastics 
could be applied to land. In countries that have strict compost standards 
(such as the UK’s PAS 100239) the output is strictly controlled and plastic 
fragments would invariably lead to a failure to meet these standards. 

 The open environment is the unique selling point for the PAC plastics 
industry, which claims that their products biodegrade, and therefore, reduce 
impacts related to littering. Whilst the review of evidence undertaken for this 
report suggests that PAC plastic can biodegrade under certain circumstances, 
there is still doubt as to whether they do so fully or within reasonable time 
periods in practice. One finding that is clear is that PAC plastic is prohibited 
from biodegradation if it is not first exposed to UV radiation (and to a certain 
extent, heat) which breaks down the anti-oxidants and accelerates the 
oxidation process that is triggered by the pro-oxidant additives. This first 
abiotic stage of degradation prepares the PAC plastic for biodegradation by 
reducing the molecular weight of areas on the plastic surface to the point 
where it can be consumed by biological organisms, kick-starting the biotic 
degradation phase. This is the purpose of the pro-oxidant additive. If the 
circumstances for this to take place are absent (e.g. if UV exposure is only 
fleeting), biodegradation will either not take place (it will behave as a 
conventional plastic) or will be slowed significantly. This is the same for all 
environments. 

 The degradation that occurs in landfill is primarily confined to the initial 
aerobic stage in the higher levels of the landfill. In the absence of oxygen 
(under anaerobic conditions of landfill operations), the PAC plastic is thought 
not to biodegrade. This makes PAC plastic marginally worse than 
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conventional plastic from a GHG point of view as it may lead to emissions of 
fossil CO2 during the period where biodegradation takes place (if it does in 
practice to any meaningful degree).  

 Biodegradation in the marine environment is another area where the PAC 
plastics industry claims their products offer improved performance relative to 
conventional plastics. There is very little evidence to suggest that timescales 
for biodegradation in the marine environment are significantly accelerated 
for PAC plastic compared to conventional plastic. Very few tests have been 
conducted, and whilst theories have been presented, biodegradation has not 
been practically demonstrated to take place in an accelerated timeframe.  

Directly related to the issues of biodegradation are those of littering and how the PAC 
plastic will behave if it is littered, and thus what impacts should be expected: 

 The potential toxic effects on soils of any residual additives have been 
identified as a concern by some commentators. Whilst it has not been 
conclusively proven that there are no negative effects, it does appear that the 
PAC plastics industry can create products that have minimal toxic impact on 
flora and fauna. This does not mean that all products on the market avoid 
negative toxic effects, as there is no regulatory control currently exercised in 
this regard. It is at least encouraging that almost all existing test standards for 
PAC plastic specify some form of toxicity test using established methods (such 
as germination and earthworm survival tests). However, problems remain 
that (a) accreditation is not mandatory for products on the EU market, (b) 
some of the standards do not have pass/fail criteria for the toxicological test 
results, and (c) there remains uncertainty surrounding real world toxicological 
impacts. 

 The issue of whether a PAC plastic bag is more likely to be littered than a 
conventional plastic bag is one that is mired in speculation and spurious 
arguments. Such evidence as is available leans towards the hypothesis that 
there is a greater tendency for littering to occur if the user believes that the 
substance is ‘biodegradable’ (so that there might be counterproductive 
effects from marketing materials as such, where they have potential to create 
problems once littered). There are, however, two issues within this that first 
need to be separated: 

o Are the products marketed as biodegradable? And secondly, 

o Is the terminology confusing to consumers? 

The first question is often the defence of the PAC plastics industry as there is 
no noticeable physical difference between a PAC plastic bag (until it starts to 
fragment) and a conventional plastic bag. Whilst this argument is valid for 
bags that have no specific markings to differentiate them from one another, it 
is possible (indeed likely) that some form of marketing extolling the claimed 
benefits of PAC plastic products in this regard. Consequently, it may be that 
littering of PAC products is more likely because of claims regarding their 
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biodegradability. Nevertheless, rather than speculation, objective behavioural 
research is required to move this topic forward in a constructive manner. 

 Concerning marine plastic litter, as has already been established there is no 
conclusive proof of PAC plastic degradation in the marine environment. It is 
the least aggressive of all the environments investigated in this report, but 
arguably, it is also the environment where the most damage could be done, 
and with the least chance of subsequently recovering the plastic. With PAC 
plastic being more likely to fragment than conventional plastic, to the extent 
that this occurs, it is less likely to be recovered during litter clean-up 
exercises, and will also likely be more easily mobilised. These factors can be 
reasoned to increase the chance of being transported into the marine 
environment.  

However, should full biodegradation on land occur, this would reduce the 
quantity that may otherwise transfer to the marine environment. It is not 
possible to conclude whether PAC plastic would increase or decrease 
absolute quantities of plastic in marine environments. Nonetheless, it seems 
likely that the fragmentation behaviour of PAC plastics will exacerbate issues 
related to microplastics.  

Working under the assumption that PAC plastic in marine environments will 
be more fragmented, the effect may be to reduce the impacts on wildlife in 
some respects (such as entanglement), but to increase the impacts in others 
(such as physical ingestion of microplastics). The PAC plastic is more likely to 
fragment quicker so the impacts associated with microplastics are 
concentrated within a shorter period of time—this could ultimately be worse 
than spreading out the impacts over a longer period of time due to an 
increase in the proportion of individuals, species and habitats affected, as 
well as the burden of impacts for an individual of a species. Although we are 
not able to provide conclusive judgement on marine issues, concerns remain 
that PAC plastics do not eliminate impacts, and also that impacts may be 
increased in certain important impact categories.  

Concerning issues relating to the recycling of PAC plastics, the following key conclusions 
can be drawn: 

 The evidence available does not support the suggestion that PAC plastic can 
be identified and sorted separately by reprocessors with the technology that 
is currently available. Furthermore, manual sorting would be time-consuming 

and is unlikely to be economically unviableeven in a hypothetical case where 
standardised labelling allows PAC plastics to be distinguished from 
conventional plastic. In the absence of market controls within any individual 
country, recycling of PAC plastic must therefore be considered in the context 
of a mixture with conventional plastic. 

 There are significant concerns within the recycling industry that PAC plastic 
can negatively affect the quality of recycled plastic. Evidence suggests that 
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the impacts of prodegradant additives on recyclates can under certain 
circumstances be avoided with the inclusion of stabilisers. The appropriate 
quantity and chemistry of stabiliser would depend on the concentration and 
nature of the prodegradants in the feedstock. This presents significant issues, 
as the concentration of PAC plastic is often unknown and therefore it is 
difficult to know the correcting dosing. Furthermore, evidence suggests that 
oxidised PAC plastic can significantly impair the physical qualities and service 
life of the recycled product. The fact that it is impossible to fully control the 
level of aging experienced by PAC plastics during the product use phase, prior 
to products becoming waste and entering recycling processes, presents a 
major issue. 

 Recyclate made from mixtures containing unknown PAC plastic should not be 
used for long-life products, due to the lack of evidence surrounding the long-
term impact in secondary products. The existence of PAC plastic and the 
global nature of secondary materials markets does, therefore, present some 
risks of using recovered plastic in such applications. The uncertainty of 
whether recyclate may or may not contain PAC plastic, and the degree of 
oxidation likely to have occurred prior to recovery, therefore results in limits 
on the end-use for the recyclate. 

For shorter-life products, it may be possible to create a recyclate, which has 
no reduced properties over the short-term life of a particular product. 
However, most of the evidence suggests that the concentration of PAC plastic 
in the feedstock resin may be important – though evidence is not sufficient to 
suggest what limits should be followed. It must also not be ignored that any 
oxidation and degradation of PAC plastic that occurs prior to recycling will 
impair the recyclate  

 Opinions and anecdotal evidence provided by the plastics recycling industry 
indicate there is significant risk associated with PAC plastic due to the way in 
which it is perceived by reprocessors. The inclusion of PAC plastic has a 
negative effect on the marketability of plastic films sent for recycling. The 
industry is keen to eliminate PAC plastic so as to minimise any effect on prices 
related to the quality and marketability of secondary materials. 

5.2 Recommendations 

The debate around the biodegradability of PAC plastic is not finalised, but should move 
forward from the assertion that PAC plastics merely fragment, towards confirming 
whether the timeframes observed for total biodegradation are acceptable from an 
environmental point of view and whether this is likely to take place in natural 
environments. It is still appropriate to refer to the material as PAC plastic (rather than 
oxo-biodegradable) as there is equally no evidence that all PAC plastic products will 
biodegrade. The variety of formulations—most of which are proprietary and 
confidential—and the lack of regulation means that there are no guarantees that all PAC 
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plastic will perform appropriately in the markets into which they are sold, and in 
environments they may end up.  

The evidence is sufficient to suggest that bacteria can feed on PAC plastic if its molecular 
weight is sufficiently reduced. What is yet to be proven is that this happens in practice 
and that biodegradation happens in an acceptable timeframe. No suitable certifications 
are available currently, which allows any PAC plastic supplier to claim that this will 
happen in a certain environment to a particular set of requirements. Certifications from 
France and the UAE are not without shortcomings, and neither should be adopted as 
best practice by the EU. For PAC plastic to remain on the market, work to develop a (set 
of) European standard(s) should be a matter of priority. 

One of the biggest issues to be confronted by both policy makers and the PAC plastics 
industry face when deciding on limits and controls is that there are no unified standards. 
We have observed throughout this research that the PAC plastics industry consists of 
different manufacturers and stakeholders, each of which claims to have developed the 
definitive method for assessing biodegradability; indeed, new methods appear to be 
surfacing all the time, with the latest coming from the UK’s Queen Mary University on 
behalf of Symphony. Whilst the authors of this report agree that this new method is the 
most promising, it is in the early stages, and is being pushed by Symphony and the OPA. 
The French are keen to push their standard using the ATP test and the latest industry 
body to emerge—the OBPF—maintains that existing standards are suitable. This makes 
it less than straightforward to garner a rational body of evidence on the matter—as 
results from differing tests are incomparable—and to define a suitable approach through 
which one can be sure that the PAC plastics industry, as a whole, produces products that 
are not environmentally harmful. 

In the meantime the PAC plastics industry should be prevented from selling their 
products into markets that have been conclusively proved to be unsuitable—primarily 
composting and AD markets. There is also no clear evidence to support the contention 
that PAC plastic is a solution to the problem of plastic in the marine environment: it is 
suggested that no form of communication that uses this as selling point, especially for 
single use items (the sort of products which PAC plastic is primarily aimed at) should be 
permitted. 

It would go some way to alleviate fears of toxic effects if all PAC plastic products that 
were sold on the market were required to pass toxicity tests. As the PAC plastics 
manufacturers specifically state that their products are designed to help deal with the 
effects of littering it is incumbent upon them to demonstrate that each product they sell 
does not have a negative toxic effect on the environment that it is expected to be 
littered into. Such tests should be included as part of any European standard. 

The issue of littering behaviour is something not confined to PAC plastic but applicable 
to all products that claim to be biodegradable or compostable—terms which are often 
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synonymous in the mind of the consumer. California recognised this issue and in 2011240 
regulated the use of these terms to help consumers make informed decisions without 
‘greenwash’ and to target littering. Specifically: 

“Environmental marketing claims, whether explicit or implied, must be 
substantiated by competent and reliable scientific evidence and meet specified 
standards to prevent misleading consumers about the environmental impact of 
degradable plastic products, including bags, food service ware, and packaging.” 

This has resulted in court action on multiple occasions. The legislation also encourages 
manufacturers to work towards the production of appropriate standards that allow 
sound scientific tests to be performed to support any claim. Similar standardised 
regulation and alignment of nomenclature would also be beneficial to the EU and create 
a level playing field for manufacturers of products that are genuinely biodegradable in 
the relevant environments. It would also incentivise the PAC plastics industry towards 
aligning their efforts towards creating effective standards. 

There are also issues surrounding the way in which disposal options for PAC plastics are 
communicated with consumers. It is clear that other biodegradable plastics (either bio-
based or a mixture of bio and petroleum) are not compatible with current recycling. The 
message for consumers of this product is clear—they should be composted. The 
message for PAC plastic is less clear and the disposal options are potentially confusing 
for consumers. If consumers are told that PAC plastic is biodegradable it may be 
confused with other compostable plastics and put in the compost. Equally, if consumers 
are also told that PAC plastic is recyclable, they may also assume this of other 
biodegradable plastics. This is an ongoing issue that all plastic materials that claim to be 
biodegradable face and is linked to the way in which biodegradation is communicated as 
a whole. 
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A.1.0 Appendix 1: Supplementary Data 

 

Table A - 1: Time for Plastics to Reach Maximal Absorption of Hydrophobic Organic Compounds on Incubation at 
Environmentally Relevant Concentrations 

Compound 
Plastic 
type 

Plastic size 
Incubation medium (concentration 

of compound –environmentally 
relevant?) 

Incubation time – Equilibrium 
reached? 

Reference 

Phe (a PAH) 
DDT 

PVC 
 
 

PE 

Microplastics - 
200-250µm 

0.6-6.1 µg/l Phe 
0.8-3.1 µg/l DDT 

 
Yes 

360h - equilibrium after 24hrs. 
Bakir 2014 (estuarine 

simulation) 

Phe 
DDT 
PFOA 
DEHP 

PVC 
PE 

Microplastics - 
200-250 µm 

 
As above - Yes 

360h - equilibrium after 24hrs. 
EXCEPT DDT onto PE = 48h 

Bakir 2014 (gut 
simulation) 

Phe 
PE 

PVC 
PP 

Microplastics - 
200-250 µm 

Yes 120h - equilibrium after 24hrs. Teuten 2007 

PAH 
PE 
PP 

Pellets 
 

Naphthalene between 21 (PP) - 
28  (PE) days for 90% equilibria. 

Pyrene - 49 days (PP)128 days 
(PE). 

Phe 63 days (PP), 105 days (PE).  
  

Karapanagioti (2010) 
[cited in Bakir 2014 

(gut)] 
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PAH,  
Fluorene, 
Phenanthrene 
Anthracene 
Fluoranthene 

LDPE, 
HDPE 

Pellets 
1-100 µg/l PAH i.e. 0.001-0.1µg/l 

 
Yes 

1 week - did not reach 
equilibrium for all compounds but 

90% reached in 24hrs 
Sorption may be faster for lower 

density plastics. 

Fries and Zarfl (2012) 
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