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ABSTRACT

Poly(lactic acid) (PLA) is a compostable bioplastic manufactured by the polymerization of lactic acid
monomers derived from the fermentation of starch as a feedstock. Since its first commercialisation in the
late 1990's, PLA production has grown annually and currently it estimated that worldwide production
will reach at least 800,000 tons by 2020 with Japan and the USA the two major producers. PLA is used as
areplacement to conventional petrochemical based plastics, principally as food packaging containers and
films and more recently, in electronics and in the manufacture of synthetic fibres. Consequently, there
has been a marked increase in PLA contamination in the environment as well as increasing amounts
being diverted to commercial composting facilities. This review focuses on the development, production,
stability and degradation of PLA in a range of differing environments and explores our current knowledge
of the environmental and biological factors involved in PLA degradation.
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1. Introduction

Degradable plastics are polymers that undergo changes in their
chemical structure in specific environmental conditions causing
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the American Society for Testing of Materials (ASTM) and the In-
ternational Standards Organization (ISO). Within this definition,
biodegradable plastics are susceptible to degradation by enzymes
produced by microorganisms including bacteria, fungi and algae
[1]. Biopolymers (bioplastics) are in general biodegradable poly-
mers that are produced from renewable natural sources such as
polysaccharides (e.g. cellulose, starch and chitin), lipids (oils),
proteins (e.g. gelatine and gluten), plant/microbial polyesters
(polyhydroxyalkanoates, e.g. polyhydroxybutanoates) [2]; or syn-
thesized from renewable resources such as polyesters produced
from bio-derived monomers (such as polylactic acid from starch)
[3,4]. During the biodegradation process, biodegradable polymers
are broken down to their simpler constituent components and
redistributed through elemental cycles such as the carbon and ni-
trogen cycles and the ultimate end products of the degradation
process are carbon dioxide, water, and biomass under aerobic
conditions and hydrocarbons, methane, and biomass under
anaerobic conditions [5,6].

2. Poly(lactic acid) (PLA)

Poly(lactic acid) (PLA) is a synthetic bio-based polyester derived
from starch feedstocks with a hydrolysable backbone that is sus-
ceptible to biodegradation [7—13]. The general structure of PLA is
shown in Fig. 1. PLA has gained importance due to its mechanical
properties which are similar to the petrochemical based plastics
polystyrene (PS) and polyethylene terephthalate (PET) [14,15]. It
has a number of favourable properties including ease of fabrication,
zero toxicity, biocompatibility, high mechanical strength and
thermal plasticity and is compostable [7—9,12—14,16—23]. Most
importantly its raw material, lactic acid, can be obtained from
renewable resources, principally starch [14,24,25]. As PLA is a
polymer synthesized from renewable resources, it has been sug-
gested that its use could help to lower greenhouse gas emissions
and reduce fossil energy consumption compared to conventional
petrochemical-based polymers [24]. However, the ever increasing
diversion of starch feedstocks such as maize to PLA production also
brings pressures on land use and agriculture [26].

2.1. History and applications of PLA

William Carothers pioneered the production of an aliphatic
polyester from lactic acid in 1932, however, the resulting polymer
had poor mechanical properties and a low molecular weight [27]. In
1954, DuPont (USA) developed and patented a higher molecular
weight polymer of this polyester [28]. As PLA is a non-toxic,
biocompatible material with high mechanical strength that hy-
drolyses slowly in the body, the use of PLA was initially restricted to
medical applications [7,14,29,30]. In addition, high cost of produc-
tion from the petrochemical-derived precursor lactic acid, further
restricted its development into other applications. However, costs
of PLA production decreased markedly when lactic acid began to be
produced by bacterial fermentation of starch, enabling commercial
scale production for non-medical applications [1,14].

Cargill Dow LLC, (USA) and Teijin (Japan) are the principal
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Fig. 1. Monomeric subunit of polymeric PLA containing n residues.

manufacturers of PLA and have developed applications for PLA in
packaging and fibres [18,31,32]. In 1997, Cargill Dow LLC was
founded as a 50/50 joint venture between Cargill Inc. and The Dow
Chemical Company to commercialize PLA polymers under the trade
name NatureWorks™ [24]. Currently, Cargill Dow LLC, has become
the primary producer of PLA in the USA manufacturing 140,000
tons of PLA annually for the production of packaging and fibre
materials [20,33]. Toyota (Japan), PURAC Biomaterials (The
Netherlands), Hycail (The Netherlands), Galactic (Belgium),
DURECT (US) and several Chinese manufacturers represent the
remaining companies involved in PLA production. In 2012, the
worldwide PLA production was c.a. 180,000 tons and it is estimated
that PLA production will reach at least 800,000 p.a. by 2020 (Fig. 2).

Fibres, non-woven, rigid and flexible strong materials can be
produced from high molecular weight PLA (100,000 Da and
higher). Apart from its use in the medical field [7,29,30], PLA has
been commercialised for the manufacture of compostable short
shelf-life products such as food-packaging films, bags and con-
tainers with the majority currently used for containers (Fig. 3)
[8,14,17,24,33]. NatureWorks™ branded PLA as a biobased com-
postable polymer and The Food and Drug Administration approved
PLA to be used for producing materials in contact with food [24,33].
Although principally used in food applications, PLA is increasingly
being used in non-food related applications including electronics,
synthetic fibres, wrapping films and tapes. Ingeo™ fibers, first
produced by Cargill Dow in 2003, are the first synthetic fibres made
from 100% annually renewable sources and are used in pillows,
mattresses and duvets, apparel and floor, wall and furniture tex-
tiles, [20,24,33]. PLA also has applications in cosmetics and is being
exploited for 3-D printers [34].

2.2. Life-cycle assessment (LCA) of PLA

Life-cycle assessment (LCA) is a method to quantify the envi-
ronmental sustainability of a product or a process [25]. The ‘life-
cycle’ comprises all stages in a product's life from manufacture to
disposal [25]. Production of raw materials, resource extraction,
transportation, product manufacture, end use and ultimate
disposal are all integral to the LCA and also identifies actions
contributing to the economy and environment [25]. Fossil energy
requirement, greenhouse gases and water use can be classified as
three life cycle impact categories for PLA [24]. According to Cargill
Dow in 2003, the PLA production system uses 25—55% less fossil
energy than petroleum-based polymers [24,25]. While disposal of
PLA products (combustion, composting, etc.) causes carbon dioxide
release to the atmosphere, it can be considered as a low-impact
greenhouse gas polymer compared to petrochemical-based poly-
mers as the CO; generated during PLA biodegradation is balanced
by an equal amount removed from the atmosphere during the
growth of the plant feedstocks [25]. PLA greenhouse gas emission
rate is about 1600 kg CO,/metric ton, while PP, PET, and nylon have
greenhouse gas values of 1850, 2740, 4140, and 7150 kg CO,/metric
ton respectively [23]. The third impact category, water required for
PLA production, is less than that required for petrochemical-based
polymers. LCA shows that PLA production processes are both fossil-
energy free and a source of carbon credits over the longer term [24].

2.3. Production of PLA

Lactic acid (2-hydoxypropionic acid) is the monomer of PLA and
exists as two stereoisomers in nature; t-lactic acid and p-lactic acid
[14]. Lactic acid is a naturally occurring water soluble organic acid
and can be produced either by chemical synthesis from petro-
chemicals or fermentation [14,25]. When lactic acid is generated
from petrochemicals, it exists in the meso-form, a 50/50 mixture of
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Fig. 2. Production and forecast for global PLA production (adapted from Nova Institute, 2012).
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Fig. 3. Global PLA application market in 2013 (Adapted from Occams Business
Research & Consultancy).

the L and D isomers, and it is optically inactive [14]. Fermentation
based generation of lactic acid has a lower environmental impact as
it uses renewable resources instead of petrochemicals, consumes
less energy and is cheaper to produce [33,35]. Lactic acid produc-
tion by fermentation of carbohydrates involves: (a) fermentation,
(b) cell mass and protein removal, (c) recovery and purification, (d)
concentration, and (e) colour removal [13,25]. When lactic acid is
produced by fermentation, it is composed largely of i-lactic acid,
generally 99.5% L-isomer and 0.5% p-isomer [11,14,24,25]. Produc-
tion of PLA from lactic acid then proceeds through direct conden-
sation polymerization [18], azeotropic dehydrative condensation
polymerization [36] or ring-opening polymerization through a
lactide intermediate [8,24,37].

2.4. Physical and chemical properties of PLA

PLA is a aliphatic (linear) polyester consisting of polymerized
lactic acid monomers linked by ester bonds (Fig. 1) PLA can be
amorphous or semicrystalline in its solid state depending on the
enantiomers composition and thermal history [11,25,38]. Semi-
crystalline polymers contain both crystalline and amorphous re-
gions. When the p-isomer is present at less than 6%, the PLA
polymer is semicrystalline; however when the p-isomer is more
than 6%, the sample is considered to be amorphous [39,40].

Homopolymers of PLA containing only the L-isomer is crystalline
[11]. Optical composition and therefore crystallinity affect melting
temperature (Tm), glass transition temperature (Tg) and mechan-
ical properties of PLA. The decreasing optical purity (increasing p-
isomer) decreases crystallinity, Tm and mechanical properties
[20,25,41—43]. High molecular weight Poly (L-lactide) has a melting
point of 180 °C, while the introduction of meso-lactide depresses
the crystalline melting point to 130 °C [38]. Since crystalline regions
of PLA are stronger and therefore more resistant to degradation
[38,44], crystallinity of PLA has benefits including improved heat
setting, chemical resistance, higher strength in fibers/non-wovens,
heat resistance and stiffness in cutlery, permeability and chemical
resistance in films [14,25]. It has been reported that degradation is
faster in amorphous domains of PLA specimens compared to semi-
crystalline and crystalline forms [45,46]. Therefore, for biomedical
devices, amorphous PLA, (i.e. containing higher levels of p-isomer)
is mostly preferred, whereas semi-crystalline PLA is mostly used in
applications where higher mechanical properties are desired [47].

High molecular weight PLA (Mw > 100,000 D) is generally
characterized by high mechanical strength with a tensile strength
in the region of 50—70 MPa which is comparable to non-
biodegradable conventional plastics [14,15,47]. Amorphous poly-
mers and semi-crystalline polymers are brittle at low temperatures
but soften at the glass transition temperature (Tg) [48]. If the
heating process is continued above Tg, polymers become viscous
and finally turn into a liquid form. For semicrystalline PLA, both Tg
and Tm determine the upper use temperature of PLA materials and
since crystalline polymers do not have amorphous regions, they do
not show glass transition and their crystalline structure melts at
their melting temperature [12,13].

2.5. Environmental degradation of PLA

In nature, biotic and abiotic factors exist together; therefore, the
whole degradation mechanism of a certain material can be referred
as environmental degradation [4,25]. The environmental degrada-
tion process of PLA is affected by its material properties such as
molecular 1st order structure (molecular weight, optical purity)
and higher order structures (crystallinity, Tg and Tm), and by
environmental factors such as humidity, temperature and catalytic
species (pH and the presence of enzymes or microorganisms)
[49,50]. When the molecular weight is low, (Mw < 100,000 D) PLA



is brittle, cloudy and opaque while at higher molecular weights,
PLA is stronger, more transparent and less susceptible to degrada-
tion [51]. Crystalline regions within PLA hydrolyse much more
slowly than the amorphous regions as water diffuses more readily
into the less organized amorphous regions compared to the more
ordered crystalline regions, causing greater rates of hydrolysis and
increased susceptibility to biodegradation [16,20,25,44,52]. In
semicrystalline PLA, degradation occurs first in the amorphous
regions and more slowly in the crystalline regions. Therefore, with
time, the proportion of the crystaline regions within the PLA in-
creases and the rate of degradation decreases [25,53,54]. Increasing
concentrations of D-units in PLA lowers optical purity and regu-
larity, leading to greater water diffusion through the polymer ma-
trix in the amorphous regions and accelerating hydrolysis [54,55].
The rate of PLA degradation is much greater above the glass tran-
sition temperature (Tg, 55—62 °C) as polymer chains become more
flexible and water absorption increases, accelerating both hydro-
lysis and microbial attachment [20,25,44].Temperatures at or above
Tg (55—62 °C) and at high relative humidity's (>60%), PLA hydro-
lysis is rapid [17,51,56,57].

In its molten state, PLA can also undergo thermal denaturation
[11] as hydrolysis can occur in the presence of small traces of water
or in the absence of water, PLA undergoes zipper like depolymer-
azion, oxidative random chain scission, intermolecular or intra-
molecular transesterification to monomers and oligomers [58].

PLA degradation is also known to be influenced by pH and UV
light. PLA degrades faster in alkaline conditions because during
hydrolysis, cleavage of ester groups is catalysed by hydroxide ions,
therefore, the high concentration of hydroxide ions in alkaline
media enhances PLA degradation [52,59]. UV light exposure was
also found to affect PLA degradation [60—63]. When PLA films were
exposed to UV light for 8 weeks under a low relative humidity (10%,
which restricts the rate of PLA hydrolysis), UV light decreased the
physical integrity and enhanced PLA degradation [60]. In addition,
electron beam irradiation has also been shown to effect PLA
integrity. Pre-treating PLA by electron beam irradiation increased
PLA brittleness and decreased molecular weight during compost
degradation compared to non-irradiated samples [64]. In another
study, treatment of films by electron-beam irradiation decreased
the average molecular weight, stress at break and percentage
elongation [60]. Cairns et al. [65], also showed that depending on
the beam energy used, physical properties, molecular weight were
affected increasing the degradation rate of PLA. PLA degradation is
generally accepted to be a two-step mechanism involving first
abiotic factors then biotic factors. The abiotic process, which is the
chemical hydrolysis of PLA in the presence of water at elevated
temperatures, is followed by biotic degradation in which microor-
ganisms decompose polymer break-down products generating
carbon dioxide, water and biomass under aerobic conditions and
methane, hydrocarbons and biomass under anaerobic conditions
[12,14,17,18,20,25,66—71]. While some studies have reported that
microorganisms do not enhance PLA degradation [56], other
studies have suggested that microbial enzymes exist that are
capable of directly degrading high molecular weight PLA [72—74].

2.6. Hydrolysis of PLA

PLA is an aliphatic (linear) polyester and unlike aromatic poly-
esters, which have aromatic rings, PLA is susceptible to hydrolysis
due to the hydrolysable functional groups in its backbone
[12,18,50]. Chemical hydrolysis of the ester linkages occurs in the
presence of water, hydrolysing the backbone of the polymer as
shown in the following reaction:

—CO00 — +H,0— — COOH + HO

A random non-enzymatic chain scission of ester groups is fol-
lowed by chain-end hydrolysis causing a reduction in molecular
weight [25]. Carboxylic acid end groups of PLA and its oligomers
can catalyse the ester linkages since the pKa of PLA's carboxylic acid
end group and its oligomers is lower (~3) than most carboxylic acid
groups (4.5—5) leading to faster rate of degradation (autocatalysis)
[25]. Amorphous PLA chains are far more susceptible to hydrolysis
compared to crystalline regions and by contrast hydrolysis occurs at
a much slower rate [46,75,76].

Hydrolysis of PLA has mostly been studied in relation to its
medical applications as PLA materials and devices are designed to
hydrolyse in the body fluids [45,66,77—79]. PLA devices are firstly
hydrolysed by body fluids by absorbing water causing autocatalytic
cleavage of ester bonds. Large size devices having more than 1 mm
thickness are thought to degrade faster inside than at the surface
during chemical hydrolysis and this is attributed to a diffusion-
reaction phenomena with soluble oligomers metabolised by the
cells in the body [19,66,77]. In general, it is thought that PLA with a
smaller surface/volume ratio hydrolyse more slowly [38]. Complete
hydrolysis of PLA at 37 °C in physiological media has been reported
to occur over a 5 year period when used as orthopaedic devices
[78]. When PLA degradation was studied at 37 °C [79], 50° and
70 °C [80] in PBS, maximum weight loss was 4% at 50 °C after 115
days and 7.6% at 70 °C after 23 days.

Many studies consider abiotic hydrolysis as the main degrada-
tion step as high humidity and temperature enables the cleavage of
the ester linkages by water uptake causing reduction in molecular
weight; with microorganisms assimilating acid lactic oligomers,
releasing carbon dioxide and water [12,14,17,18,20,25,56,66—71].

2.7. Microbial and enzymatic degradation of PLA

With the recent commercialisation of PLA for short-shelf life
products, degradation of PLA in the environment has increasingly
become the focus of research. However, degradation mechanisms
of PLA and understanding the association and role of microorgan-
isms during the environmental degradation are still poorly under-
stood [19,68]. The most commonly suggested mechanism is that
microorganisms can degrade PLA only after high molecular weight
PLA goes under hydrolysis and the molecular weight of PLA falls
10,000 Da or less [14,17,18,20,25,56,66—71]. This is a distinct feature
of PLA because typically biodegradable polymers are degraded by
microbial attack in a single step [14]. When the degradation rates of
PLA in a biotic reactor containing compost were compared with an
abiotic reactor lacking compost and a sterile aqueous system,
similar degradation rates were observed and it was concluded that
there was no evidence for the enhanced degradation of PLA by
microorganisms [56]. Isolation of PLA degraders especially by
cultivation methods have been challenging, for instance, one study
aimed to identify soil bacteria that were able to degrade commer-
cially available aliphatic polyesters, including PLA, and when mi-
croorganisms were extracted from 3 different soil samples and
screened on agarplates containing different polyester materials, no
PLA degrading organisms were found although some strains were
identified for most polyesters tested [81]. However, other studies
have suggested that microbes may have a direct effect on PLA
degradation, as outlined below.

2.7.1. Bacterial PLA degraders

A number of studies over the last 15 years have isolated putative
PLA degrading bacteria. The first identified bacterium was an acti-
nomycete, Amycolatopsis HT-32, but was isolated from only 1 out of
45 soil samples [82]. Subsequently, further studies have isolated a
number of different actinomycete and some other bacterial PLA
degraders and these are outlined in Table 1. Putative PLA degraders



Table 1
Putative bacterial PLA degraders.

Organism Reference
Amycolatopsis sp. HT 32 [82]
Amycolatopsis sp. KT-s-9 [115]
Amycolatopsis sp. 3118 [116]
Amycolatopsis mediterranei ATCC 27643 [117]
Amycolatopsis sp. KT-s-9 [118]
Amycolatopsis sp. 41 [94]
Amycolatopsis orientalis [84]
Saccharothrix (Lentzea) sp. [84]
Saccharothrix waywayandensis [119]
Kibdelosporangium sp. [84]
Kibdelosporangium aridum [120]
Streptoalloteichus sp. [84]
Bacillus brevis [121]
Bacillus smithii [122]
Bacillus stearothermophilus [123]
Geobacillus thermocatenulatus [124]
Bacillus sp. [125]
Thermomonospora sp. [67]
Thermopolyspora sp. [67]
Actinomadura keratinilytica T16-1 [126]
Laceyella sacchari T11-7 [126]
Nonomuraea strains [126]
Thermoactinomyces vulgalis [126]
Bordetella petrii PLA-3 [127]
Stenotrophomonas maltophilia LB 2—3. [128]
Thermopolyspora flexuosa [91]
Pseudonocardia sp. RM423 [110]

have generally been isolated by cultivation methods from soil or
compost with the exception of studies conducted by Sangwan and
Wu [68] and Sangwan et al. [83] that generated clone libraries to
identify putative PLA degraders from compost. Most of the bacteria
isolated earlier belong to the same family Pseudonocardiaceae
genera Amycolatopsis, Saccharothrix, Streptoalloteichus, Kibdelo-
sporangium [68,83,84]. More bacteria belonging to other families,
Thermomonosporaceae, Micromonosporaceae, Streptosporangiaceae,
Bacillaceae and Thermoactinomycetaceae, have been isolated more
recently [68,85].

2.7.2. Fungal PLA degraders

Most studies to date have focused on bacterial PLA degraders,
however, there are few studies that have considered a role for fungi
in PLA degradation (Table 2). Tritirachium album was the first fun-
gus reported in the literature to be capable of PLA degradation
[72,86]. However, in the earliest study, the fungus itself was not
directly tested with PLA, the enzyme proteinase K was isolated
from T. album ATCC 22563 and incubated with PLA [86]. When the
same strain was directly grown on agar emulsified with PLA, no
clear zone was formed around the strain on the plate [82]. More-
over, when T. album ATCC 22563 was incubated in liquid medium
containing PLA, degradation was only observed in the presence of
gelatin which induced protease production [72].

Table 2

Putative fungal PLA degraders.
Organism Reference
Fusarium moniliforme [87,88]
Penicillium roqueforti [88]
Tritirachium album [72,86]
Paecilomyces sp. [68]
Cryptococcus sp. [73]
Eurotiomycetes species [83]
Aspergillus fumigatus [90]
Thermomyces lanuginosus [90]
Trichoderma viride [129]

Fusarium moniliforme was shown to be capable of utilizing low
molecular weight PLA degradation by-products, including lactic
acid, lactillactic acid dimers, and higher oligomers in liquid culture
[87]. In another study out of 14 fungal strains tested, 2 strains of
F. moniliforme and 1 strain of Penicillium roqueforti were able to use
DL-lactic acid and DL-lactic acid oligomers as sole carbon sources
after 7 days of incubation in liquid culture [88]. A high molecular
weight PLA copolymer with glycolic acid (PLAGA) was also inocu-
lated with fungal strains and one strain, F. moniliforme was able to
grow on the samples after 2 months [88]. As a result, it was
concluded that, after abiotic degradation, this strain was able to
utilise low molecular weight breakdown products [88].

Sangwan and Wu [68] used molecular methods to isolate pu-
tative high molecular weight PLA degraders. In their study, solid
PLA samples were buried in compost and samples were taken from
the initial compost and from the surface of the polymer specimens
after 60 days of composting at 58 °C. Clone libraries were generated
from 18S rDNA recovered from the PLA surface and it was suggested
that the class Eurotiomycetes (genus Paecilomyces) may play sig-
nificant roles in biodegradation of PLA under composting condi-
tions. In a further study by Sangwan et al. [83], degradation of neat
and nanocomposites of PLA was studied and fungi belonging to
class Eurotiomycetes were again identified from the compost sam-
ples on PLA discs buried in mature compost at 58 °C by clone library
generation. Saadi et al. [71] studied fungal degradation of high
molecular weight PLA by inoculating fungi into sterilized compost
and comparing the degradation rate with unsterile compost. This
study indicated a synergy between bacteria and fungi in PLA
degradation as the degradation rate was higher in unsterile
compost [71]. Likewise, a study investigating PLA degradation at
50 °C demonstrated an increase in degradation rate in unsterile
compared to sterile compost and soil [89]. Two thermophilic fungi
(Thermomyces laniginosa and Aspergillus fumigatus) were subse-
quently isolated and shown to be capable of PLA degradation [90].
However, another study [91| comparing abiotic hydrolysis and
biodegradation concluded that microbial enzymes were not sig-
nificant factors in accelerating depolymerisation.

2.8. Enzymes involved in PLA degradation

There have been few studies that have focused on microbial
enzymes potentially involved in the degradation of PLA. Ebeling
et al. [92] identified a serine protease, proteinase K, from the fila-
mentous fungus Tritirachium album and Williams [86] identified
proteinase K from T.album as an enzyme capable of degrading PLA.
However, PLA degradation by T. album ATCC 22563 only occurred in
the presence of gelatin which induced protease production [72]. No
degradation was observed in the absence of gelatin after 14 days,
whereas in the presence of 0.1% gelatin, 76% of the high molecular
weight PLA film was degraded by the fungus [72]. The presence of
gelatin in the culture medium has been reported to enhance mi-
crobial degradation of high molecular weight PLA films which are
not usually attacked by microorganisms [72]. Watanabe et al. [74]
also studied the enzymatic degradation of high molecular weight
PLA with commercial proteinase K by treating emulsified PLA with
the enzyme and after 5 h incubation; it was observed that 60% of
PLA was consumed. However Tsuji & lkarashi [76], reported no
catalytic degradation of crystalline PLA by proteinase K indicating
that crystalline regions are highly resistant to protease degradation
compared to amorphous regions. When commercially available li-
pases from various microorganisms were tested for their ability to
degrade several aliphatic polyesters including PLA, none of them
were able to degrade high molecular weight PLA at 37 °C although
they could degrade the rest of the aliphatic polyester films tested
[93] whereas Pranamuda et al. [94] purified an enzyme from



Amycolatopsis which degraded PLA but not the other aliphatic
polyesters polycaprolactone (PCL) and polyhydroxybutyrate (PHB).

Microbial enzymes degrading PLA were found to be induced by
some proteins, peptides and amino acids [95]. It was found that PLA
degrading activity of A. orientalis was induced by silk fibroin and
PLA degrading activity of L. waywayandensis and Talbum was
induced by elastin suggesting these inducers could be used to
enhance degradation of PLA waste and also used in the large scale
production of PLA degrading enzyme [95]. An enzyme referred as
cutinase-like enzyme (CLE) purified from the yeast Cryptococcus sp.
completely degraded high molecular weight PLA and at a faster rate
than proteinase K [65,73]. Cryptococcus sp. generally has been used
in waste treatment and CLE was found to exhibit a weak homology
to cutinase [73]. It has also been reported that Amycolatopsis ori-
entalis ssp. orientalis produced three serine-like proteases capable
of degrading PLA as a sole carbon source [96]. Another serine
protease isolated from an actinomycete, Actinomadura, was also
reported to be capable of degrading PLA [85].

2.9. Degradation of PLA under composting conditions and in soils

PLA has recently been commercialised for the manufacture of
compostable food-packaging films, bags and containers and its
decomposition under composting conditions is well established
[8,14,17,24]. Compost is a humic, organic-rich, biological environ-
ment where the environmental degradation of organic matter oc-
curs [17]. Compost contains diverse microbial populations since it
has a unique physical and nutritional structure [68]. Composting is
the controlled biological decomposition of organic materials into
humus by microorganisms in aerobic conditions [20,97] and is a
versatile system for processing biodegradable solid wastes [98].
Compostable plastics, as defined by the ASTM [99], are polymers
that are decomposed by biological activity to CO,, water, inorganic
compounds and biomass without leaving any visible and toxic
residues. Composting is particularly well suited for processing food
contaminated packaging since recycling facilities are not equipped
to deal with food contaminated plastics and compost formed at the
end of the process is a valuable product used in soil amendment
[40].

Composting is mostly a microbiological process based on ac-
tivities of fungi, bacteria and actinomycetes which decompose
complex organic substrates to simpler compounds [20,97,100]. The
initial mesophilic phase where microorganisms break-down simple
molecules is replaced with a thermophilic phase with temperatures
rising to up to 60 °C or higher due to microbial activity [101]. During
the cooling phase the cooling phase, temperature gradually de-
creases to ambient temperatures and humus-like substances are
produced [97,102]. Degradation occurs at a slower rate and con-
tinues until all the readily utilizable carbon is converted to carbon
dioxide [20,97]. Decomposition and humification occur simulta-
neously to degrade organic matter [98].

PLA can be degraded in a composting environment after 45—60
days at 50—60 °C by microorganisms in the compost [19]. When
biodegradation of PLA film and fabrics was studied in a bench scale
composting system, PLA fabrics were degraded after 40 days and
PLA sheets after 20 days [17]. Commercially available PLA bottles
and PLA delicatessen containers degraded visibly in 30 days under
composting conditions with PLA bottles having a lower degrada-
tion rate due to a higher degree of crystallinity [20]. Both PLA
samples under ambient exposure conditions showed no change
during the period of study (30 days). Addition of PLA levels lower
than 30% (w/w) in pre-composted yard waste was suggested for
efficient composting as levels > 30% would decrease pH due to
disintegration of PLA to lactic acid and suppress microbial growth
[67].In a study on composts amended with differing levels of PLA, it

was found that the pH fell to from ca. pH 6.5 to pH 3.5 when PLA
was added to composts at 50% (v/v) but not at lower levels [103].

It has been reported that PLA degradation in soil is much slower
than compost medium because compost has a higher moisture
content and temperature range encouraging PLA hydrolysis and
assimilation of PLA by thermophilic microorganisms [17]. A 20
month PLA soil burial trial caused 20% and 75% degradation of
PLA100 (crystalline PLA) and PLA75 (amorphous PLA), respectively
[43]. Ohkita and Lee [104], also buried pure PLA and its composites
in soil with pure PLA showing little degradation after 6 weeks.
When PLA film was buried in soil for 120 days in soil at 25 °C, no
degradation was observed as determined by weight loss of the film
[105]. Although actinomycete threads were observed on PLA film
by scanning electron microscopy (SEM), there were no signs of
degradation on the surface of the PLA films [105]. In another study,
injection molded tensile bars of PLA buried in soil for 1 year showed
no physical changes, no weight change and no significant change in
tensile strength [106]. In a study by Calmon et al. [107], twenty
different polymer types including PLA were buried in soils in four
different areas in France for two years. While PLA was still present
after 2 years, some signs of physical degradation were noted [107].
Two other studies have also demonstrated minimal PLA degrada-
tion at ambient temperatures. PLA buried in either soil or compost
at 25 °C showed minimal changes after 1 year while a further study
although leading to the isolation of several fungi from the surface of
PLA again showed no signs of degradation [89,90]. Another study
over 20 months in soil also showed minimal degradation of PLA
films by weight loss, melting point of tensile strength [108].
Therefore while compostable, PLA cannot be regarded as hydro-
lysable or biodegradable under normal environmental conditions.
However by contrast, an open soil burial trial in China indicated
significant degradation of PLA after 4 months. Soil temperatures
varied between ca 10 °C at the beginning of the trial and >20 °C at
the end with an average of 20 °C [109]. Likewise, a more recent
study found little degradation of PLA in soil under mesophilic
conditions, but greatly enhanced degradation in thermophilic
conditions, particularly when microbes present [110]. Thus, tem-
perature and geographical location may have a significant impact
on PLA degradation and further studies are required to understand
these variables in more detail.

2.10. Degradation of PLA in aquatic systems

In contrast to terrestrial systems, few studies have investigated
the biodegradation of PLA in aquatic environments. In both static
and dynamic seawater, no evidence of microbial degradation was
found after 10 weeks leading the authors to suggest that marine
microbes have a limited ability to degrade PLA [111,112] while
another study reported little change in molecular weight of PLA
rods after 3 months immersion in seawater at 20 °C although a 48%
reduction was found when immersed in seawater at 40 °C for 3
months which was attributed to hydrolysis rather than microbial
degradation [113].

3. Conclusion

The need to find commercially viable degradable plastics man-
ufactured from feed stocks rather than petrochemicals led to the
large-scale manufacture of PLA and its subsequent large increase in
wide range of compostable materials [14,15]. Nonetheless, due to
their stability in soils at ambient temperatures, there is a risk of
wide scale environmental contamination and environmental issues
similar to that seen with conventional plastics [6,114]. However, as
a compostable plastic that hydrolyses at elevated temperatures in a
process accelerated by the presence of microorganisms, efficient



waste management strategies to direct PLA plastics to commercial
composting facilities will greatly reduce risk [23,56]. Moreover, it
appears high levels of PLA can be tolerated in the composting
process without affecting the pH and subsequent microbial com-
munity activity and therefore compost quality. Despite this, more
research is needed to study the long-term impact of large quantities
of PLA continually entering commercial composting streams on
subsequent compost quality as well as impacts on soils from PLA
accumulation and pollution.
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