% polymers m\py

Review
Degradation of Plastics under Anaerobic Conditions:
A Short Review

Xochitl Quecholac-Pifia 1, Maria del Consuelo Hernandez-Berriel },
Maria del Consuelo Mafién-Salas 2, Rosa Maria Espinosa-Valdemar 3 and
Alethia Vazquez-Morillas 3*

1 Tecnolégico Nacional de México/Instituto Tecnoldgico de Toluca, Av. Tecnolégico s/n. Colonia Agricola

Bellavista Metepec, Edo. De México, México C.P. 52149, Mexico; xquecholacp@toluca.tecnm.mx (X.Q.-P.);
mhernandezb@toluca.tecnm.mx (M.d.C.H.-B.)

Sociedad Mexicana de Ciencia y Tecnologia Aplicada a Residuos Sélidos, A.C., Priv Molcajete 44 Fracc.
Hacienda de las Fuentes, Calimaya, México C.P. 52227, Mexico; consuelomanon@gmail.com
Universidad Auténoma Metropolitana, Av San Pablo Xalpa 180, Reynosa Tamaulipas, Azcapotzalco,
Ciudad de México 02200, Mexico; rmev@azc.uam.mx

*  Correspondence: alethia@azc.uam.mx; Tel.: +52-55-53189057

check for
Received: 20 November 2019; Accepted: 23 December 2019; Published: 5 January 2020 updates

Abstract: Plastic waste is an issue of global concern because of the environmental impact of its
accumulation in waste management systems and ecosystems. Biodegradability was proposed as a
solution to overcome this problem; however, most biodegradable plastics were designed to degrade
under aerobic conditions, ideally fulfilled in a composting plant. These new plastics could arrive
to anaerobic environments, purposely or frequently, because of their mismanagement at the end
of their useful life. This review analyzes the behavior of biodegradable and conventional plastics
under anaerobic conditions, specifically in anaerobic digestion systems and landfills. A review
was performed in order to identify: (a) the environmental conditions found in anaerobic digestion
processes and landfills, as well as the mechanisms for degradation in those environments; (b) the
experimental methods used for the assessment of biodegradation in anaerobic conditions; and (c) the
extent of the biodegradation process for different plastics. Results show a remarkable variability of
the biodegradation rate depending on the type of plastic and experimental conditions, with clearly
better performance in anaerobic digestion systems, where temperature, water content, and inoculum
are strictly controlled. The majority of the studied plastics showed that thermophilic conditions
increase degradation. It should not be assumed that plastics designed to be degraded aerobically
will biodegrade under anaerobic conditions, and an exact match must be done between the specific
plastics and the end of life options that they will face.

Keywords: anaerobic digestion; landfill; biogas; mineralization; biodegradation; biodegradable
plastics

1. Introduction

Plastics are materials formed by polymers and additives, characterized by high molecular weight.
Their versatility makes them an essential material in different applications; they are used in packaging
(39.9%), construction (19.8%), the automotive industry (9.8%), electronics and communication (6.2%),
agriculture (3.4%), household leisure and sport (4.1%), and other fields (16.7%) [1]. Among the different
plastics, the most commonly used in packaging are polypropylene (PP), low-density polyethylene
(LDPE), high-density polyethylene (HDPE), vinyl chloride (PVC), polyurethane (PU), polyethylene
terephthalate (PETE), and polystyrene (PS). Most plastics are durable and resistant to degradation; this
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is the feature that makes them very attractive for many applications. However, these characteristics
have adverse effects once plastic products are discarded. In 2015, 6300 Mt of plastic waste was produced;
9% was recycled, 12% was incinerated, and 79% was landfilled or littered into the environment [2].
In Mexico, plastics account for 11% of the urban solid waste [3] (INEGI, 2017), but only 5% of the plastic
waste is recycled, while 40% goes to landfill and 32% ends in the natural environment. Improper
management and accumulation of plastic waste affect the ecosystems, wildlife, and the quality of
human life. Specific effects include entanglement, blockage of the digestive tract of different species,
the formation of microplastics, and loss of aesthetic value [4,5].

Different solutions have been proposed to solve the problems associated with plastic waste. They
include recycling, energy recovery, ban of specific products, and production of biodegradable plastics.
Recycling is an attractive option for thermoplastics, especially for those used in high volumes, such as
PETE and polyethylene (PE). It can diminish the use of natural resources and global warming [6,7];
however, it requires separation techniques that produce pure raw materials that can be incorporated into
new products [8-10]; this need for segregation hinders the ability of many plastics to be recycled [11].
Energy recovery, on the other hand, can be achieved through direct combustion or by the production
of refuse-derived fuel [12-15]; one of its advantages is its capacity to treat mixed plastics. However,
special care is needed when dealing with chlorinated plastics, such as PVC, whose incineration can
lead to the formation of acid emissions [10]. Waste to energy also requires strict control of emissions
to prevent the formation of toxic compounds, such as dioxins and furanes [10,16]. The technology
required in order to achieve a safe energy recovery process makes it non-viable for some developing
countries, due to limitations in budget. Another approach to controlling plastic pollution has been the
ban on specific products, mainly carrier bags. Regulations that restrict the use of plastic bags or tax
them have been proposed in cities of countries like South Africa [17], Canada [18], the United States [19],
Portugal [20], Malaysia [21], Argentina [22], Mexico [23], Japan [24], England [25], China [26], and
Kenya [27], among others.

Another alternative for the control of plastic waste is the production of plastics that degrade under
specific conditions, such as composting, aquatic environments, and landfills [28]. The final goal of
these option is to reintegrate the elemental components of the plastics to the natural cycles, diminishing
the effects related to their accumulation. Based on the factor that causes degradation, different types
of degradable plastics can be distinguished [29]: (a) photodegradables, whose polymeric chains are
fragmented due to the formation of free radicals produced by UV radiation; (b) oxodegradable, which
contain an additive that promotes their abiotic degradation until they reach a size that can be degraded
biotically; and (c) biodegradable, which can be directly degraded by living organisms, such as bacteria,
fungi, and algae, to produce mineral gases and biomass. In order to take advantage of the specific
features of these plastics, different conditions must be fulfilled, such as an articulated system of
certification, eco-labeling and separation at source [28].

While a degradable plastic can be any plastic designed to undergo a significant change in its
chemical structure under specific environmental conditions, biodegradable plastics require that change
be caused explicitly by the action of naturally-occurring micro-organisms [29]. In principle, any organic
compound is biodegradable [30]. However, as the biodegradation process of plastics is expected to
occur along with the management of urban solid waste, different factors need to be taken into account.
The first one is the specific environment in which biodegradation would take place, which could
include any valid end-of-life option with a high concentration of microorganisms, such as composting,
anaerobic digestion processes, or landfills. Even if natural environments could provide conditions
that lead to biodegradation, they should not be considered as an acceptable final sink for plastics. The
second factor is the speed of the process, as these plastics should degrade at a similar rate than other
knowingly biodegradable substrates, like food and yard waste [31,32]. The third factor that must be
considered is the extent of biodegradation, which should lead to mineralization, allowing it to close
the carbon biogeochemical cycle [30]. If these factors are adequately addressed, the carbon-content of
biodegradable plastics would be converted, in a reasonable time-frame, in new biomass and CO,. This
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result clearly differentiates biodegradation from oxidative and UV-promoted degradation processes,
which could lead to the formation of microplastics (<5 mm) [33,34]. Microplastics pose a severe risk to
marine ecosystems, as they can enter the food chain when they are ingested by different species [35,36],
adsorb hydrophobic pollutants [37,38], and leach additives [39,40]. Besides their presence in the
ocean, they have been found in freshwaters [41,42], soils [43,44], and in the atmosphere [45,46], giving
evidence of their ubiquitous presence in the environment.

The majority of biodegradable plastics have been designed to degrade in the aerobic environment
of an industrial composting plant [47]. However, in developing countries, they can be disposed in
landfills due to deficient management practices, misinformation, and lack of infrastructure. Also,
they could be incorporated in anaerobic digestion systems in places where this technology is used
to treat organic waste. While anaerobic digestion systems are specifically designed to promote the
biodegradation process through the control of operational variables, the main objective in landfills is
the safe confinement of waste, even if in some of them the produced biogas is collected and used [48].
Anaerobic digestion processes are usually applied to organic waste with a low content of inorganics
that is processed in a defined time-frame in a closed reactor [49,50]. The process can be carried on at
mesophilic or thermophilic temperatures, and inoculum is added in order to increase the rate and
extent of biodegradation; optimization of solid content, carbon/nitrogen ratio and food/inoculum
ratio is carried on to increase methane production [51]. In landfills, on the other hand, a complex
and heterogeneous mixture of waste is buried, and the degradation process occurs as a result of the
activity of bacteria present naturally in the waste. The inherent heterogeneity of waste, as well as the
different environmental and operational conditions, will produce an extensive range of biodegradation
processes that usually will extend through decades. In landfills, the rate of biodegradation increases as
leachate is recirculated [52-54]. However, they are slower than in anaerobic digestion systems.

In this context, this review aims to offer an assessment of the behavior of different biodegradable
plastics under anaerobic conditions that would take place in anaerobic digestion systems and landfills.

The inclusion of these new plastics in engineered anaerobic systems could contribute to methane
production. In this context, this review includes a description of the anaerobic biodegradation of plastics
that takes place in anaerobic digestion processes and landfills, in order to explain the mechanisms
that take place in the environments mentioned above. An analysis of the different experimental
conditions used in the assessment of this kind of systems is presented in order to identify common
features. Following this, a summary and analysis of the results obtained for different biodegradable
and conventional plastics are shown. Natural anaerobic environments are not included in this research,
as they must not be considered as viable waste management options.

2. Methods

The search for research articles and book chapters was done in the first semester of 2019, in the
scientific finders Scopus®, Access DL®, Oxford Academy®, Springer 1ink® and Science Direct®. The
initial keywords used were plastics plus anaerobic, degradation, polymers, and landfill. A total of
1207 abstracts were read to identify papers focused on the degradation of plastics under anaerobic
conditions. This process allowed us to obtain 70 articles from 34 different peer-reviewed journals
(see reference material for the complete list of articles). References were downloaded in format bibTex
in the free software Mendeley®.

The scientific articles and chapters were analyzed in order to identify information related to the
following topics: (a) scenarios and mechanisms for anaerobic degradation of plastics, (b) methods for
the assessment of the anaerobic degradation of plastics, and (c) degradation of plastics under anaerobic
digestion and landfill conditions.

3. Results

The different research papers used in this review, as well as their characteristics and main results
are presented in the Supplementary Materials.
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3.1. Biodegradable Plastics Assessed under Anaerobic Conditions

Biodegradable plastics include polylactic acid (PLA), polycaprolactone (PCL), polybutylene
succinate (PBS), poly(butyleneadipate-coterephtalazte) (PBAT), poly(hydroxybutyrate) (PHB) and
poly(hydroxybutyrate)-co-poly(hydroxyvalerate) (PHBV). Except for PBAT, they are aliphatic polyesters.
They can be produced from biomass or fossil fuels. Table 1 shows the monomers of the most commonly
biodegradable plastics assessed under anaerobic conditions.

Table 1. Common monomers in biodegradable plastics.

Biodegradable Plastic Acronym Monomer Reference

o]
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Polylactic acid PLA ‘EOCHC% [55]
CH,

o
% — CH,—CH,—CH,—CH,—CH,— c% [55]
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Polybutylene succinate PBS o—ferf—o—c—anfz—¢ [56]
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Polycaprolactone PCL
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Poly-(3-hydroxyburyate) PHB %OCHCHZC% [55]
i
Polyhydroxybutyrat I i I
olyhydroxybutyrate- PHBV N (U o ! 5]
co-polyhydroxyvalerate

3.1.1. Anaerobic Processes in Digestion Systems and Landfills

Anaerobic degradation is a biological process that transforms organic matter in an oxygen-free
environment. It can follow two routes: Anaerobic fermentation, where organic matter can act as an
electron donor or receptor; or anaerobic respiration, which requires acceptors such as CO,, SO42~, NO3 ™.
The process is developed in four stages: Hydrolysis, acidogenesis, acetogenesis, and methanogenesis,
which lead to the production of a mixture of CH; and CO,, known as biogas. Two thirds of CHy
produced in an anaerobic process is because of the fermentation and one third by respiration [58].
The efficiency of the anaerobic biodegradation is affected by the presence of volatile fatty acids,
sulfate, ammonia, and heavy metals [59], and for factors such as pH, temperature [58], redox potential,
and hydrogen concentration [58,60]. It will also be dependent on the concentration and type of
microorganisms present in the media [61,62], presence of nutrients [58], and the characteristics of the
substrate [63-65].

In landfills, the inherent heterogeneity of waste increases the complexity of the biodegradation
process [66]. Anaerobic biodegradation in these sites is developed in five stages [67]. In the first
one hydrolysis takes place, producing a decrease in pH, an increase in the chemical oxygen demand
and concentration of volatile fatty acids, ammonia and sulfates. In the second stage, acidogenesis
produces H. In the third stage, acetogenic fermentation leads acetic acid, hydrogen, and CO; being
formed. In the fourth stage, methanogenesis leads to biogas production. In the last stage, stabilization
shows a continuous decrease in the generation of biogas, increasing the concentration of N,. The
biodegradation process is affected by temperature, oxygen, moisture content, alkalinity, presence of
nutrients, and inhibitors [68]. Although it is not feasible to control all these parameters in a landfill,
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it has been proved that the treatment and recirculation of leachate can increase the biodegradation
rates, promoting the functioning of the landfill as a bioreactor [68].

3.1.2. Degradation Mechanisms

The degradation of plastics is usually a concurrent phenomenon involving the interaction of
physical, chemical, and biological factors. The resulting mechanism will depend on the nature of
the material and the environmental conditions [69]. The factors that produce different degradation
processes have been described previously [69-71]; they include UV radiation, temperature, mechanical
stress, oxidative, hydrolysis, and biodegradation processes. Oxidation by oxygen and ozone will not
be relevant in the case of anaerobic degradation of plastics, and the effect of photo-oxidation will be
limited, as anaerobic systems are commonly carried on in closed vessels or confined spaces [72-74].

For plastics whose structure includes a carbon backbone, such as polyolefins and polystyrene [75,76],
mechanisms based in the formation of free radicals that promote consecutive cleavages of the polymeric
chain have been proposed; reactions begin in tertiary carbons. For polyethylene (PE), it has been
proposed a mechanism for UV-promoted radiation, which produces CH, and Hj as a result of the
formation of free radicals [75].

On the other hand, polymers containing elements different from carbon in their main chain can
undergo hydrolysis processes. The first step is the diffusion of water through the material, especially
in amorphous regions that present lesser resistance. The water promotes hydrolytic rupture of the
steric bonds, which causes a decrease in molecular weight and formation of water-soluble byproducts.
These reactions decrease the stability of the crystalline zones of the plastic because of an autocatalytic
process promoted by the degradation of acid products that increase the presence of carboxylic acids in
the extremes of the polymers [77]. This type of mechanism has been proposed for the degradation of
polycaprolactone (PCL) and polylactic acid (PLA). The rate of degradation increases as the reaction
proceeds, and it is affected by temperature and extreme pH values [77].

The mechanisms proposed for the biodegradation of plastics such as PHBV begin with the
colonization of the material surface, followed by hydrolysis, erosion of the exposed areas, and
saturation that leads to fragmentation [78]. A similar sequence has been described for copolymers of
polyethylene and starch, where the microorganisms attack the amorphous starch zones in the surface,
allowing their entrance to internal pores [79]. However, once the starch has been consumed, the
degradation of the polyethylene matrix can be obtained by chemical factors.

3.2. Assessment of the Biodegradation Process under Anaerobic Conditions

The study of the anaerobic degradation of biodegradable plastics has focused on PLA, PCL, PHBYV,
and copolymers that include two different biodegradable plastics, or a conventional plastic mixed with
a biodegradable one. Conventional plastics (PE, PETE, PP, PS, PVC) have also been tested in order to
measure their degradation, their possible adverse effects in the biodegradation processes, or in the
case of polyethylene, as negative controls for the experiments. The distribution of tested plastics for
anaerobic digestion and landfill conditions is shown in Figure 1. While 76% of the reviewed studies
have tested degradation under anaerobic digestion conditions, 17% have tried to simulate landfill
conditions and 7% tested both scenarios.
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Figure 1. Biodegradation of different plastics under anaerobic conditions. Abbreviations: PLA,
polylactic acid; PCL, polycaprolactone; PHBYV, poly(hydroxybutyrate)-co-poly(hydroxyvalerate);
PE, polyethylene; PP, polypropylene; PS, polystyrene; PETE, polyethylene terephthalate; PVC,
vinyl chloride.

3.2.1. Experimental Setup

The assessment of the anaerobic biodegradation of plastics is usually done at lab scale, because of
economic and logistic reasons that prevent the development of field studies; only nine studies tested
full-scale conditions, exposing the plastics in landfill cells. In laboratory experiments, the volume of
the used bioreactors varies from 0.05 L to 5.0 L, as shown in Figure 2. While 28% of the experiments
were performed in small reactors (0.1-0.2 L), 31% were developed in medium-size reactors (1.0-2.0 L)
and only 8% were done in reactors bigger than 2.0 L. There is no a discernible pattern for the volume of
reactors in the assessment of anaerobic digestion and sanitary landfill; small and big reactors were used
to simulate both conditions. Very likely, the selection of the reactor’s size was related to the availability
of resources, and not to specific goals or designs.

14
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[0 Landfill

10
8
59 100 120 125 155 160 165 200 240 250

280 300 500 600 650 660 1000 1500 2000 3000 4500 5000

Number of research articles using each volume
-

[N}

Reactor volume, mL

Figure 2. Volume of bioreactors used in the assessment of plastics.
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The length of the experiments is related mainly to the type of scenario that is being evaluated.
Anaerobic digestion is a relatively fast process, which usually lasts 15 to 45 days. This condition is
easily replicated in the laboratory, and is commonly used to test the inherent anaerobic biodegradability
of new materials. Fifty-two percent of the reviewed papers focused on anaerobic digestion that lasted
from 7 days to three months. On the other hand, the biodegradation process taking place in a landfill
will extend for a much longer timeframe, which can take up to 20 years. To simulate those conditions,
some of the experiments extended up to six years; in fact, the four longest studies (2-6 years) are
simulations of landfill conditions. In order to increase the biodegradation rates of reactors simulating
landfills, leachate can be recirculated, as has been done in different studies [80-82].

The presence of a mixture of microorganisms capable of degrading waste is a necessary condition
in order to achieve an efficient process. To guarantee this condition, the microbial population can be
increased by the introduction of an inoculum [65]. To increase the quality and production of biogas,
it is convenient to pre-incubate the microorganisms until 60% of CH, is reached [83]. This enrichment
is commonly done in anaerobic digestion tests [61-63,83-87].

3.2.2. Analytical Techniques Used to Assess Plastic Degradation and Biodegradation

Different analytical techniques have been used in order to identify or measure the degradation of
plastics in anaerobic environments. The main quantitative method is respirometry, which measures the
cumulative biogas or methane production in reactors containing the assessed polymer, comparing it
with controls that do not contain the tested material [87]. Respirometric tests allow the quantification of
biodegradation, which is expressed as a percentage. Usually, the CH, or biogas produced is corrected
subtracting the amount produced in a blank and then is compared to the theoretical production, based
on the carbon content in the sample [84,88-94]. Variations of this method include the measurement
of CO,, and the inclusion of liquid and gas phases [87,95]. Modified Gompertz equations, which
considers a latency factor, were used [50,60,61] to model the biodegradation process.

The international associations ASTM International and ISO have defined standards for the
assessment of biodegradation of plastics under anaerobic conditions, based on respirometric
measurements [96-101] (Table 2).

Table 2. Standards for the assessment of biodegradation of plastics in anaerobic environments.

Method Description

ASTM D5511-18 Biodegradation under high-solids (>30%) anaerobic digestion conditions
ASTM D7475-11 Aerobic degradation and anaer(.)blc blodegrad.atlon of. plastlc materials under
accelerated bioreactor landfill conditions

ASTM D5526-18 Anaerobic biodegradation under accelerated landfill conditions

1SO 15985: 2014 Anaerobic biodegradation under h.1gh-soh§15 anaerobic digestion conditions
(solids <20%)

ISO 13975: 2019  Anaerobic biodegradation in controlled slurry digestion systems (solids <15%)

ISO 14853: 2016 Anaerobic biodegradation in aqueous systems

References: [96-101].

Respirometric systems rely on the use of closed reactors, which allow the collection of all the gases
produced; such conditions are difficult to obtain in big size reactors or field trials. In those cases, the
assessment of the process is usually done by the direct analysis of the physical or chemical properties
of the polymers [102]. The analyzed properties include loss of mass, loss of mechanical properties,
changes in the thermal behavior of the materials, microbial colonization of the surface observed by
scanning electron microscopy, presence of specific functional groups measured by infrared spectroscopy,
or decrease in molecular weight, assessed by gel permeation or exclusion chromatography, among
others [86,87,91,103-107]. While these techniques can give evidence of degradation, they do not allow
for the obtaining od a quantitative measurement of degradation or to distinguish between degradation
caused by microorganisms and other types of degradation processes. The frequency of use of these
techniques is shown in Figure 3.
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Figure 3. Frequency of methods used to assess plastic degradation and biodegradation.

3.3. Degradation of Different Plastics in Anaerobic Environments

3.3.1. Anaerobic Digestion

Biodegradable plastics have shown different biodegradation rates, depending on experimental
conditions, as shown in Table 3. Studies comparing different polyhidroxialcaonates reported a 62%
conversion to biogas [108,109], and an enhancement in biogas production when this plastic was present.
In the specific case of PHB, it degraded 90% in 14 days at 55 °C, with a rate similar to cellulose [86].
However, it only reached 23% in 10 weeks when degrading with anaerobic sludge [89]. For PCL, reported
biodegradation ranged from 80% in 50 days at 55 °C [86] to neglectable values [89,110], in some cases
showing only changes in color [105]; the degradation increased when eggshell was used to produce a
biocomposite [110]. Similar behavior was shown by PBS, whose degradation reached values from 25.8%
under thermophilic conditions [83] and 32.5% [88], but did not show mineralization in experiments
carried on at 55 °C [86]. Reported biodegradation for PLA varies from total mineralization [111], 75%
in 75 days in thermophilic conditions [86], as well as 60% [88] and complete lack of biodegradation
in 100 days of experimentation [112]. PBAT degraded 9.3% in 75 days [88]. Biodegradation rates of
different plastics have been affected by the size of the plastic samples [103], the use of cosubstrates, and
alkalinity [111]. One of the main factors to promote the process was temperature, showing higher rates
for thermophilic rather than mesophylic conditions [108,113]. It was proposed that biodegradation
increases when the vitrea transition temperature of the plastics was reached in the system [114].

Conventional plastics, such as cellulose acetate [115], have shown negligible biodegradation, as
well as PETE [107]. The feasibility of biodegradation of PVC was obtained only if the plastic was
subjected previously to a Fenton oxidation process [93]. In fact, inhibition of biogas production was
reported due to the presence of HDPE, PP, and PS [116]. The addition of additives that promote abiotic
oxidation to transform them into oxodegradable plastics did not promote biodegradation of PE and
PETE [106]. On the other hand, PETE-PLA copolymers reached 34-69% mineralization, depending on
the starting aromatic to aliphatic ratio [107]. Similarly, the use of starch in composites with PE only
promoted biodegradation of the bio-based polymer [102].

In recent years there was increasing interest in the composites containing bio-based dispersed
phases, known as biocomposites. Inclusion of bio-based phases was expected to decrease the
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environmental impact of conventional plastics because of their renewable origin and in some
cases, biodegradability [117]. Starch was selected for many biocomposites, given its low cost, good
permeability properties, and inherent biodegradability by microorganisms into harmless products [118].
However, evidence shows that these composites are not inherently biodegradable; for composites
based in polyolefins, biodegradation occurs only for starch [119]. It was found that the starch in these
composites biodegrades only partially, as it is limited if a discontinuous matrix of starch is present [120].
For composites based in a biodegradable matrix, different biodegradation rates ranging from 10.2% to
53% were reported [121-123].

Table 3 summarizes the results for biodegradation under anaerobic digestion conditions, showing
only those where respirometric tests were used to assess the process. It can be observed that PHB,
PHBYV, and their copolymers achieved high levels (>80%) of mineralization, while PCL and PLA
results varied widely without showing a discernable pattern related to temperature or length of the
experiments. On the other hand, PBS, conventional non-degradable plastics, and their combination
with pro-oxidant additives did not achieve significant biodegradation.

Table 3. Biodegradation of different biodegradable and conventional plastics in anaerobic digestion.
Abbreviation: PBS, polybutylene succinate, PCL, polycaprolactone, PHB, poly-(3-hydroxyburyate),
PHBYV, PLA, polylactic acid, PVA, polyvinyl alcohol, PETE, polyethylene terephatalate, PP,
polypropylene, PU, polyuretane.

Plastic % Biodegradation = Temperature (°C) Time (Days) Reference
0.0 37 277 [86]
PBS 00 55 50 [85]
2.0 35 139 [124]
62.0 55 150 [125]
PCL 12.5 37 277 [86]
80.0 55 50 [85]
92.0 55 75 [87]
PCL-starch 83.0 35 139 [124]
92.5 37 277 [86]
PHB 90.0 55 50 [85]
100 35 225 [62]
87 35 16 [126]
86.0 37 42 [127]
PHBY 90 35 30 [128]
80 35 100 [112]
PLEBV-PHB 96 35 16 [126]
91.4 58 60 [119]
74.0 55 150 [119]
PLA 39.0 37 277 [86]
75.0 55 50 [85]

36.0 35 170 [129]
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Table 3. Cont.

Plastic % Biodegradation =~ Temperature (°C) Time (Days) Reference
77.2 55 57 [129]
70.0 55 45 [130]
81.8 80 22 [131]
91.5 37 100 [132]
PLA 0.1 37 56 [132]
98.9 58 56 [132]
80.0 52 56 [112]
21.0 35 75 [133]
93.0 55 75 [133]
79.0 55 75 [87]
89 35 100 [112]
PLA-poly(propylene glicol) 90.0 35 182 [114]
PVA-starch 52.0 35 26 [122]
60.0 37 115 [134]
PETE + pro-oxidant additive 2.2 37 50 [123]
PP + pro-oxidant additive 3.1 37 50 [123]
PP + starch 26.4 37 50 [123]
PU 8.95 37 105 [74]

3.3.2. Landfill

PLA did not biodegrade in simulated landfill conditions, with different recirculation rates [68],
due to the anaerobic conditions that decrease the rate of the initial hydrolysis step. However, a 90%
mass loss was reported when thermophilic conditions were reached [59]. Degradation in landfill
conditions was influenced by the presence of oxygen in the media; while PHBV degraded almost 100%
in simulated conditions with forced aeration, under strictly anaerobic conditions degradation was
negligible [42]. The effect can be related to the higher concentration of microorganisms found in the
higher layers of waste cells, as shown in the study of Menmee et al. [129].

Conventional, not biodegradable plastics, have shown meager degradation rates in simulated and
real landfill conditions. This was found for PU [135], cellulose acetate [65], PP [136], and PVC [137].
Polyolefinic plastics (HDPE, LDPE, PP) and PS degraded between 4.96% and 15% in lysimeters that
simulated landfill conditions [129]. PE and PETE with biodegradation-promoting additives showed
no biodegradation under soil burial [106] when the presence of oxygen was similar to the one that can
be found in a landfill.

4. Conclusions

Biodegradable plastics were presented as a solution to the accumulation of these materials in
landfills and natural ecosystems. While most of them were designed to degrade in aerobic composting
systems, two scenarios could lead to their presence in anaerobic processes. The first being the interest
in degrading them in digestion systems used to degrade organic waste and produce biogas. The second
being that their presence in landfills and dumpsites due to mismanagement or lack of infrastructure.
This latter situation is very likely to happen in developing countries, where segregation and separate
treatment of different fractions of waste is scarce.

As expected, biodegradation of plastics is higher in digestion systems than in simulated landfill
conditions because of the control of temperature, agitation, mixing, solids concentration, and presence
of microorganisms, among other factors that can be regulated in digestion. Biodegradable plastics
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showed higher mineralization than conventional ones in digestion and landfill experiments. However,
this research showed clearly that experimental conditions could lead to different and even opposite
results, varying parameters such as time of residence, recirculation of leachate, and aeration. Besides,
the use of biocomposites or copolymers increases the variability of results.

Even if standard ISO and ASTM methods are defined for the assessment of these materials, there
are not current specifications that define mineralization rates that a plastic should reach in order to be
labeled as “biodegradable in anaerobic digestion” or “biodegradable in landfill”. This situation makes
a comparison between materials difficult and prevents a complete understanding of how they will
react in real waste management conditions.

While in developed countries, standards and ecolabels are used to asses and explain the expected
behavior of materials in different waste management options, many countries do not have these essential
tools. In this context, it is common for different materials to be announced as “biodegradable” without
information regarding the fate that these new plastics will have in the specific waste management
conditions that they will face. In developing countries, the most likely end of life scenario will be a
landfill or dumpsite, where the biodegradation rate of biodegradable plastics will be slow. Even if
mineralization occurs, it could lead to greenhouse emissions if not suitable systems for biogas recovery
are in place.

To increase the contribution of biodegradable plastics to the solution of the waste accumulation,
further research is needed in order to increase understanding of their behavior in waste management
systems. This knowledge has to be shared with consumers, decision-makers, and waste management
operators to promote proper management of these new materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/1/109/s1,
Table S1: List of articles. Table S2: Summary of experimental conditions and results.
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CA cellulose acetate

HDPE high-density polyethylene

LDPE low-density polyethylene

PCL polycaprolactone

PBAT poly (butyleneadipate-co-terephthalate)

PBS polybutylene succinate

PE polyethylene

PETE polyethylene terephthalate

PHA Poly(3-hydroxyalkanoates)

PHB poly- (3-hydroxybutyrate)

PHBH polyhydroxybutyrate-co-polyhydroxyvalerate
PHBO poly(3-hydroxybutyrate-co-3-hydroxyoctanoate)
PHBV poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PLA polylactic acid

PP Polypropylene

PS Polystyrene

PU polyurethane

PVA polyvinyl alcohol
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