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Abstract

Continual reduction of landfill space along with rising CO, levels and environmental pollution, are global issues that will only
grow with time if not correctly addressed. The lack of proper waste management infrastructure means gloablly commodity
plastics are disposed of incorrectly, leading to both an economical loss and environmental destruction. The bioaccumulation
of plastics and microplastics can already be seen in marine ecosystems causing a negative impact on all organisms that live
there, ultimately microplastics will bioaccumulate in humans. The opportunity exists to replace the majority of petroleum
derived plastics with bioplastics (bio-based, biodegradable or both). This, in conjunction with mechanical and chemical
recycling is a renewable and sustainable solution that would help mitigate climate change. This review covers the most
promising biopolymers PLA, PGA, PHA and bio-versions of conventional petro-plastics bio-PET, bio-PE. The most optimal
recycling routes after reuse and mechanical recycling are: alcoholysis, biodegradation, biological recycling, glycolysis and

pyrolysis respectively.
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Introduction

Although the large scale production of plastics only dates
back to the 1950’s, they have become vital materials used in
a huge variety of everyday life applications [1]. The plastic
industry has grown exponentially due to both, the variety of
plastics available and the relatively cheap production from
petroleum. In general, plastics offer excellent mechanical
and barrier properties with a low bulk density and inert-
ness, making them superior materials for a wide number of
applications. A 2014 report estimated that an astonishing
311 MT of plastic was generated in a single year, which
consumed 6% of world oil production as feedstock for poly-
mer synthesis [2]. Of the total amount of plastic, 26% by
volume was used in packaging applications and only 5% of
which was recycled for subsequent use, deriving in an eco-
nomic loss of £62-92 billion [2]. Annual plastic production
is estimated to double by 2034, and by 2050 is estimated to
reach 1124 MT which would consume 20% of the world oil
production [2, 3].
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The proportion of different polymers that make up global
non-fibre plastic production is as follows: polyethylene (PE)
(36%), polypropylene (PP) (21%), polyvinylchloride (PVC)
(12%), polyurethane (PUR), polyethylene terephthalate
(PET), and polystyrene (PS) (< 10% each). Fibre production
consists primarily of polyester, polyamide and polyacrylic
fibres, with PET accounting for 70%. These six non-fibre
groups along with the fibres account for 92% of all plastics
ever made [1]. Packaging applications alone have consumed
42% of all non-fibre plastics (mostly PP, PE, and PET), the
next largest consuming sector is building and construction
which has consumed 69% of all PVC and 19% of the total
non-fibre plastics [1].

From 2010 to 2025 and estimated 100 MT of plastic
waste will have entered the oceans [4, 5]. Once plastic enters
the ocean it slowly degrades and fragments into increasingly
smaller sizes until they become microplastics. Microplastics
cause widespread contamination of marine ecosystems as
they are ingested by zooplankton and phytoplankton (algae)
causing a negative impact on their function and health [3, 6,
7]. Microplastics have shown to inhibit the growth of algae
and considering that approximately 70% of the world’s oxy-
gen is produced from photosynthesizing marine plants this
could have huge consequence for climate change and global
warming [7, 8]. Ultimately, microplastics bioaccumulate in
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humans and once inside the body they release constituent
monomers as well as additives and toxins, causing physi-
ological harm ranging from oxidative stress to carcinogenic
behavior [9]. It was estimated that annual microplastic con-
sumption in humans ranges from 74,000 to 121,000 particles
[10].

To remedy such concerns, the bioplastic industry is
emerging as a promising solution to replace fossil fuel-
based polymers. Biopolymer precursors are generated from
biomass making them more renewable materials. Biomass
growth consumes CO, via photosynthesis. Therefore, overall
production of bioplastics have a smaller carbon footprint
than petro-plastics [11, 12]. In addition, some bioplastics
possess very high biodegradability also making them more
environmentally sustainable materials. In 2018 the global
production for biopolymers was 2.11 MT, and it is predicted
to reach 2.62 MT by 2023 [13]. Despite this rapid market
growth, bioplastics still represent less than 1% of the total
plastic production [14]. The more expensive production and
typically inferior mechanical properties of bioplastics, com-
pared to petro-plastics, are the main reasons for their limited
application [4, 11].

The present review will cover the most promising biopol-
ymers (based on market share value) PLA, PGA, PHA and
bio-versions of petro-plastics bio-PET and bio-PE, identi-
fying their main potential recycling routes. Polylactic acid
(PLA) makes up a growing 10% of the bioplastic market, it
has mechanical properties similar to PS and could replace
it in its applications as a more sustainable material [13].
Polyglycolic acid (PGA) production is minuscule by com-
parison < 1%, nevertheless, PGA dominates the biomaterial
suture market (valued at £1.1 billion) mainly because of its
good mechanical properties, excellent biodegradation and
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biocompatibility [13, 15]. Polyhydroxyalkanoates (PHA)
likewise only makes up a small percentage of the bioplastic
market 1.4% but their production is set to quadruple by 2023
[13]. This is in part because of their excellent barrier prop-
erty’s similar to PET, and because of their good mechanical
properties similar to LDPE. Additionally, their monomers
are highly variable which allows for tailoring of the final pol-
ymer properties. PE and PET are both very important poly-
mers making up 32% and 10% of all non-fibre petro-plastics
[1]. Bio-PE and bio-PET make up 25.6% and 9.5% of the
bioplastic market respectively [13]. Despite bio-versions of
PE and PET having a smaller carbon footprint and identical
mechanical properties to their petroleum counterpart, their
production growth has relatively stopped [4, 13]. This can
be attributed to the cheaper costs of petroleum production
instead of a renewable biomass resource.

Recycling Routes

Once plastic waste has been collected, sorted and cleaned,
there are four possible recycling routes (Fig. 1). (A) Pri-
mary recycling is a closed loop recycling method that
can only be carried out on high quality plastic scrap of
known history. It refers to either the reuse of the material
or the closed loop mechanical recycling of scrap plastic to
produce products with the original structure [16, 17]. (B)
Secondary recycling refers to the transformation/down-
grading of waste plastic into a less demanding product
via mechanical means (screw extrusion, injection mould-
ing, blow moulding, etc.) [16—20]. Mechanical recycling
offers the following advantages over chemical recycling:
a lower processing cost, lower global warming potential,
less non-renewable energy use and a less acidification and
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Fig. 1 Different plastic waste treatment options and associated plastic quality
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eutrophication [21]. (C) Tertiary recycling (chemical
recycling) is used to describe chemical processes which
depolymerise and degrade plastic waste into monomeric
units or directly into other useful materials. Chemi-
cal recycling methods are diverse and numerous, and
depending on the polymer type each technique will have
its advantages and disadvantages. Chemical recycling has
the following advantages over mechanical recycling: the
opportunity to produce value added materials, the poten-
tial for a circular polymer production economy since
recovered virgin monomers can be repolymerised for an
indefinite amount of recycles [22, 23]. (D) Quaternary
recycling refers to the energy recovery via incineration of
low grade plastic waste. Plastics are high-yielding energy
sources, when burned the resulting heat energy is used to
generate steam and electricity [16]. This type of recycling
should only be carried out as a last resort since not only is
the imbedded energy of the polymers molecular structure
lost, but also harmful chemicals and dioxins are released
into the atmosphere [16, 24].

Biopolymers

By definition a bioplastic is either bio-based, biodegrad-
able or a combination of both [13, 25, 26]. A bio-based
polymer has been derived from carbon biomass sources
such as vegetable fats, cellulose or corn starch. The
biopolymer can be either fully or partially bio-based [11].
Bio-based polymers are more sustainable materials than
petroleum-based polymers. The plants which provide
the biomass feedstocks for biopolymer synthesis absorb
CO, as they grow, this way the net carbon footprint of
bioplastic production is reduced [27]. Furthermore the
biopolymers themselves emit smaller quantities of CO,
when disposed in an incinerator compared to conven-
tional petro-plastics [25]. There is an important distinc-
tion between first- and second-generation biomass, the first
refers to food biomass (e.g. sugar cane) whereas the latter
refers to inedible biomass (lignocellulosic material) [28].
Using a second-generation biomass such as forest residues
to synthesize bioplastics that could replace petro-plastics
in their applications, would significantly mitigate climate
change effects due to smaller carbon footprints [29, 30]. In
order for bioplastics to replace conventional petro-plastics
a number of issues need to be addressed. There needs to
be a cost reduction in their production, a need to improve
their thermomechanical and barrier properties, improved
speed of biodegradability and a wider availability [25]. As
the bioplastic market continues its rapid growth, its total
production capacity increases and so its production prices
will fall [31]. The key issue then is if the properties of

bioplastics can be improved to become competitive with
petro-plastics.

Degradation Routes
Biodegradation

Biodegradation of a polymer is the combination of abiotic
reactions (photodegradation, oxidation, hydrolysis) and the
enzymatic cleavage of its polymer chains into metabolic
products (H,O, CO,, biomass, etc.) of the microorganism
responsible for the enzymes [32, 33]. Microbial character-
istics affecting the biodegradation rate include: the type
of microorganism present, the microorganisms distribu-
tion, the growth conditions of the microbes (pH, tempera-
ture, moisture content, oxygen, nutrients) and the types of
enzymes used by the microbes (intracellular, extracellu-
lar) [32, 34-36]. Plastic characteristics that affect the rate
include the surface conditions (hydrophilic, hydrophobic),
the first order structure (chemical structure, molecular
weight) and the high order structure (7,, T, crystallin-
ity) [35, 36]. Biodegradation occurs in two discrete stages.
In the first stage polymer chains are degraded and short-
ened by both abiotic reactions and extracellular enzymatic
attack; enzymes preferentially degrade the less-ordered
amorphous regions of a plastic. Therefore, the crystallinity
of a plastic will rapidly increase and level off near 100%
[36]. The second stage occurs when the polymer chains
have reached a sufficiently small size, thus allowing for
transportation into the cells of the microorganisms where
they can bioassimilate and mineralize [33].

There are several international standards which define
the biodegradability of bioplastics each under specific
conditions. The standard EN 13,432:2000, for instance,
states that for bioplastics to be compostable they must
decompose by 90% and mineralize within 3 months in an
industrial composter between 50 and 60 °C [37]. In prin-
ciple it is not necessary to collect biodegradable plastics
since they can be left to biodegrade in the environment
which offers several advantages such as: increased soil
fertility, lower accumulation of plastic in landfills and a
reduction in the cost of waste management [25, 34, 38].
In reality, however, depending on the type of bioplastic
and the conditions of the compose its rate of degradation
may be significantly less than desired. Another disadvan-
tage of biodegradation is that any value imbedded in the
polymer’s molecular structure is lost. Instead, a circular
economy approach should be worked towards, where bio-
plastics are recycled both mechanically and chemically to
recapture the material value [14, 22].
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Pyrolysis

(Thermal cracking) is the degradation of a polymer by heat-
ing in an inert environment with or without catalysts [17].
The pyrolysis process converts plastic waste through ther-
mal decomposition to organic vapors, char and gases in the
absence of oxygen. The produced organic vapors are con-
verted into oil by a condensation process.

Solvolysis

Chemical recycling is normally achieved via solvolytic
chain cleavage and heat. Solvolysis is an umbrella term and
includes many depolymerisation and partial depolymerisa-
tion techniques. A variety of solvents and heat is used to
depolymerise a polymer into its monomers or to fractionally
depolymerise the polymer into its oligomers or other chemi-
cals [39]. Common solvolysis methods are hydrolysis, alco-
holysis, glycolysis, aminolysis and ammonolysis. Hydroly-
sis should be thought of as two components, water diffusion
into polymer mass and the hydrolysis reaction occurring
simultaneously. If water diffusion is slow compared to rate of
hydrolysis, degradation of the polymer occurs primarily on
the surface (heterogeneous erosion); conversely, if water dif-
fusion is fast compared to the rate of hydrolysis, degradation
occurs through the whole bulk of the polymer (homogeneous
erosion) [40]. Alcoholysis refers to reactions where alcohol
is the nucleophile. In terms of chemical recycling of poly-
esters a transesterification reaction occurs where the alcohol
group cleaves the ester bonds. The polymer depolymerises
into its monomers or value added products. Glycolysis in
terms of chemical recycling of polyesters refers to the inser-
tion of a glycol into the polymeric chains, breaking the ester
linkages and replacing them with hydroxyl terminals.

water and impurities which limits the achievable M,, of the
polymer [41, 42]. The industrially preferred method for PLA
production is catalytic ring-opening polymerisation (ROP)
of lactide, via the coordination-insertion of tin(II) octoate
[43]. Other ROP pathways are possible such as anionic, cat-
ionic and organocatalytic, however coordination-insertion
has been accepted as the most effective method in terms
of My, (M,,> 100,000 g/mol) and microstructure of PLA
[44]. The relief of the ring strain of the lactide during ROP
acts as the thermodynamic driving force for the reaction
overcoming the unfavorable entropy of polymerisation [44].
The majority of LA in circulation has been produced via
fermentation [45]. A fermentation broth contains a complex
mixture of impurities such as nutrients and cell debris which
makes downstream processing of LA a costly and crucial
step in the overall production of PLA [46]. Instead this could
be avoided by recovering LA using a chemical recycling
method. The mechanical properties of PLA depend on both
the M|, and the degree of crystallinity (dictated by its tactic-
ity) (Table 1) [47]. A higher M,, will increase the T, and T,
as well as the tensile strength and the elastic modulus. PLA
is limited by its inferior mechanical/barrier properties and its
relative brittleness compared to existing petroleum derived
polymers (Table 2). PLA’s brittleness can be improved by
blending with tough polymers or via plasticization block
copolymerisation, which has been shown to increase the
strain at break but reduces the material’s tensile strength
[48]. Despite these limitations PLA is still a promising bio-
plastic. Since PLA mechanical properties are comparable
with those of PS, it is potentially a more sustainable replace-
ment material.

Table 2 Barrier properties of PLA in comparison to other petro-plas-
tics at 30 °C [52]

Polylactic Acid Permeation gas [x10°cm®  PLA LDPE PS  PET
(STP)- cm cm™2 57! cmHg’l]
PLA is a polyester thermoplastic; depending on its tacticity
it can have semi-crystalline or even completely amorphous N2 L3 19 22 0.008
characteristics. PLA can be synthesized directly from lac- 0, 10228 10502
tic acid (LA) via a polycondensation reaction; this method 0, 33 69 26004
suffers from back-biting reactions due to trace amounts of CH, ! 4 23 0004
Table 1 Thermomechanical properties of different PLA tacticities vs other bioplastics and petro-plastics [49-51]
Properties PLA PLLA PDLLA PGA PDLLA/PGA 50/50 P(3HB) PET LDPE HDPE PP
Tensile strength (MPa)  21-60 15.5-150 27.6-50 60-99.7 41.4-55.2 40 319 10 155 38
Tensile modulus (GPa) 0.35-3.5 2.7-4.14 1-3.45 6-7 1-4.34 3.54 1.98 0.2 7.5 1.7
Ultimate strain (%) 2.5-6 3-10 2-10 1.5-20 2-10 5-8 1.7 620 65 400
Tg (°C) 45-60 55-65 50-60 35-45 35-45 1.5-5 67-80 —30 - - 10
Tm (°C) 150-162  170-200 - 220-233 - 168-182 250 130 130 176
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Mechanical Recycling

The mechanical recycling of PLA is superior than its
chemical recycling in terms of human and ecosystem
health and use of resources. On the other hand mechanical
recycling causes downgrading so the recycled PLA will be
of a lower quality that if it was chemically recycled [53].
When mechanically recycling PLA, it is possible to add a
chain extender which helps partially recover the impaired
molar mass and other mechanical properties, making the
recycled PLA more comparable with virgin PLA [54].
Niaounakis [55] estimated that in order for a specific
biopolymer packaging and postconsumer mechanical
recycling plant to be profitable, there needs to be a global
production of at least 200 kT of biopolymer and the recy-
cling facility should be able to process at least 5-18 kT
annually. Once recycled PLA becomes low grade it should
be chemically recycled to recover its virgin monomers.

Biodegradation

It is important to define the environmental conditions
needed to decompose a biodegradable polymer. PLA bio-
degradation only occurs in a favorable environment of
high temperature and humidity when appropriate microbes
are present [56, 57]. While PLA fully decomposes into
CO, and H,O in a large scale composter at 50-60 °C in
90 days, its biodegradation in land littering or seawater is
less than desired [35, 43]. PLA degrading microorganisms
occur significantly less in the environment compared to
other polyester degraders. The percentage of PLA degrad-
ing microbes in soil is only 0-0.04%, whereas degrad-
ing microbes for another biopolymer P3HB is between
0.2 and 11.4% [58]. After one year in a marine environ-
ment at 30 °C PLA only biodegrades by about 8% whereas
biopolymer PHBV biodegrades by about 80% (Table 3)
[59]. PLA composites can be prepared which increases
PLA biodegradability. In soil, the rate of weight loss
of pure PLA is ~#0% /year, whereas that of starch/PLA
composite is between 0 and 15% /year, and that of starch/
poly(hydroxyester-ether)/PLA of around 4-50% /year [60].
A PLA/P3HB blend was shown to biodegrade and miner-
alize in a composite pile at 52-59 °C after 70 days [61].

Table 3 Marine biodegradation

for PLA, LDPE and PHA after 00" % Biodegra-
1 year [5’9] (liatlon after
year
PLA 8.41
LDPE 5.63
PHBV 81.81

Hydrolysis

PLA can be hydrolysed with a 95% conversion to LA within
2 h at 160-180 °C [62]. The hydrolytic degradation of PLA
follows third order kinetics since the hydrolysis rate depends
on the concentration of polymer bonds, water and the acidic
hydrolysis products [62]. It is important to note that the
hydrolysis of PLA is autocatalytic, meaning that the car-
boxyl groups generated with each hydrolytic cleavage will
further catalyze the reaction. If the hydrolysis medium is
basic, then the mechanism of ester cleavage is random, but if
the medium is acidic, then the cleavage mechanism is chain-
end unzipping. The parameters governing hydrolytic degra-
dation are: the rate constant, the amount of absorbed water,
the diffusion coefficient of chain fragments, the solubility
of degradation products, pH, temperature and the crystal-
linity of the PLA [63]. One clear example of the potential
of chemical recycling is in the recovery of LA. It has been
estimated that the production of LA from the fermentation
of corn is around 55 MJ/kg of LA produced; in contrast,
the formation of LA via the hydrolysis of PLA is much less
energy intensive at about 14 MJ/kg of LA produced [40].
Not only is the chemical recycling less energy intensive thus
saving money on operating costs, it also avoids the costly
separation needed to separate LA from a fermentation broth.

Alcoholysis

PLA can be depolymerised via alcoholysis to generate value
added products. A variety of alcohol groups can be used to
attack the ester bonds of PLA via a transesterification reac-
tion to produce lactate esters. A transesterification catalyst is
also required for sufficient depolymerisation with relatively
mild reaction conditions [64]. Depolymerising PLA waste
using methanol, ethanol, propanol etc. will yield methyl lac-
tate, ethyl lactate and propyl lactate respectively which are
industrially valuable chemicals [65]. Roman-Ramirez et al.
[64, 66] depolymerised PLA via methanolysis using Zn(Et),
and Zn(Pr), catalysts (synthesized from ethylenediamine and
propylenediamine Schiff bases), for each catalyst they cal-
culated activation energies of Ea; =37.89 kJ mol™! and a
barrierless Ea, = — 5.7 kJ mol ™' respectively. The conversion
of PLA waste into lactate esters via alcoholysis offers sev-
eral advantages such as: value added products derived from
waste, high yield of lactate ester, simple purification and
retention of stereochemistry [67]. Additionally alkyl lactates
can be converted into lactide, which could then be converted
into PLA via ROP creating a truly circular economy (Fig. 2)
[68, 69]. Furthermore this type of recycling adds value to
the PLA supply chain since virgin PLA is valued at £1.69
per kg whereas ethyl lactate sells at £2.54-3.49 per kg [67,
70]. In 2011 the U.S. had a solvent demand of ~ 4.5x 10°
tons per year with prices ranging from £1.38 to 2.62 per kg
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Fig.2 One possible circular route for PLA production

[70]. For ethyl lactate to compete directly with petroleum
derived solvents, processing advances need to be made in
order to lower the price of ethyl lactate to a comparable
level. The volatile nature of oil prices makes ethyl lactate a
more commercially attractive solvent, and as global environ-
mental consciousness continues to rise more consumers will
be willing to pay extra for products that are less detrimental
to the environment.

Optimal Recycling Route

All plastics including PLA should be reused before recy-
cling as this has the lowest energy requirement. In most
cases, however, this is not possible. The next best scenario
is to mechanically recycle the plastic for as long as possi-
ble, until its properties deteriorate and the material becomes
low grade. The monomers of the low grade plastic should be
recovered via a chemical recycling method. For PLA both
hydrolysis and alcoholysis routes have smaller activation
energies than pyrolysis (Table 4). Although PLA depolymer-
ises via hydrolysis under relatively mild conditions without
a catalyst, depolymerisation via methanolysis has a smaller
activation energy, furthermore, chemically recycling PLA

via an alcoholysis route has the additional benefit of obtain-
ing value added products (alkyl lactates). The lowest PLA
depolymerisation activation energy — 5.7 kJ/mol is accom-
plished via methanolysis using Zn(Pr),, this barrierless reac-
tion has huge potential for industrial scale up [66]. The next
lowest activation energy 20.96 kJ/mol belongs to the ionic
liquid 2[Bmim][OAc]:Zn(OAc), [71]. Like other ionic lig-
uids it has excellent recovery and reusability, it was reused
five times without significant decrease in catalytic activity
achieving PLA conversions of 97% in 2 h [71]. The products
from both hydrolysis and alcoholysis can be converted into
lactide which can then be polymerised into PLA. Both types
of recycling can be used to create a circular economy for
PLA production. In theory, the biodegradation of PLA is
also a circular economy since the generated CO, is absorbed
by plants and converted to glucose, this glucose can then
be used to produce LA and dimerized to lactide which can
then be repolymerised back to PLA. In practice, however,
the very low levels of PLA degraders in soil and the ocean
means it has a very slow degradation rate of years. Even in
an industrial composter it takes 90 days to fully decompose
[43]. Low grade PLA should not be biodegraded instead
its monomers should be recovered via the lowest activation
energy alcoholysis route.

Polyglycolide

Polyglycolide (polyglycolic acid) (PGA) is a petroleum
derived biopolymer and has the simplest polyester molecular
structure. PGA is synthesized either by the polycondensation
of the monomer glycolic acid to produce low M,, PGA, or
via the catalytic ROP of glycolide to produce high M,, PGA
(200,00-140,000 g/mol suitable for suture manufacturing)
[75, 76]. Glycolide is synthesized from the dimerization
of the glycolic acid monomer. PGA is highly crystalline
(45-55%) with a high T, between 220 and 225 °C and a
T, of 35-40 °C [75]. PGA’s strong mechanical properties
along with its high biodegradability makes it a very suit-
able material as absorbable sutures in medicine. In 2010 the
biomaterial suture market was valued at £1.1 billion [15].

Table 4 The activation

. o . Degradation route Catalyst and wt.% E, (k]/mol) Temperature(°C) References

energies of different chemical

degradation routes for PLA Hydrolysis _ 83.68 21-45 [72]
Hydrolysis - 53.23+6.81 140-180 [62]
Methanolysis [Bmim][OAc], 2% 38.29 90-115 [73]
Methanolysis 2[Bmim][OAc]:Zn(OAc),, 1% 20.96 110 [71]
Methanolysis Zn(Et),, 4%-16% 65-39 40-130 [64]
Methanolysis Zn(Pr),, 4% -5.7 50-70 [66]
Pyrolysis - 177.5 100-500 [74]

Bmim 1-butyl-3-methylimidazolium
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PGA and its copolymers represent the largest production by
volume for medical sutures compared to other commercial
biopolymers [77]. Glycolide is often copolymerised with
L-lactide to form a polyglycolide-co-lactide (90:10) copoly-
mer (PGLA). PGA and its copolymers are used in a range of
medical applications and procedures such as screws, nails,
treating bone fractures and injuries of internal organs [78].
PGA represent less than 1% of the biopolymer market, its
collection and recycling is not necessary since the only PGA
in circulation is then used in medical applications where
they biodegrade inside the body.

Biodegradation and Biocompatibility

The ratio between glycolide and L-lactide of the PGLA
copolymer will determine both, the crystallinity and the rate
of absorption. Sutures fabricated from 100% glycolide have
the fastest in vivo absorption, while sutures fabricated from
100% L-lactide have the longest absorption times (longer
than 5 years to completely absorb) (Table 5) [79]. For wound
closure applications PGA sutures must have enough crys-
tallinity to attain adequate tensile strength required for the
application, it must also retain sufficient strength during its
degradation and absorption into the body [79, 80]. A com-
pletely amorphous biodegradable polymer would degrade
too fast to be useful for wound closure. A copolymer of
PGA-co-PDLLA has higher amorphous content compared
to a copolymer of PGA-co-PLLA; so degrades faster since
more amorphous content means easier penetration of water
molecules into the polymers chains causing chain scission
reactions [80].

Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHA) represents a family of opti-
cally active biological polyesters, these polyesters naturally
occur in a wide range of Gram-positive and Gram-negative
microorganisms [51]. Anaerobic fermentation of abundant
lignocellulosic wastes generates volatile fatty acids (VFA),
under conditions of nutrient stress native PHA produc-
ing organisms will utilize VFA for their growth and will

Table 5 Degradation rates of biopolymers in medical applications [77]

accumulate PHA as intracellular carbon storage and energy
reserve, to levels as high as 90% of the cell dry weight [51,
81, 82]. Bacteria such as Alcaligenes latus and recombinant
E. Coli do not require nutrient limitation in order to syn-
thesis PHA [83]. Once accumulated the polyesters are then
extracted from the bacteria and purified before they can be
used in a variety of applications [84, 85]. End-of-life PHA
could be composited and biodegraded to CO, which would
assimilate into plants. The resulting plant biomass could
then be fermented to generate more PHA ensuring in a cir-
cular economy [86]. More than 100 different monomer units
have been identified as constituents for PHA. The general
structure of the monomers is (R)-hydroxy fatty acids where
the side group varies from C,—C,,. PHA monomers are clas-
sified as either: short chain length (SCL) (C;—C5) which have
high crystallinity and are brittle, or medium chain length
(MCL) (C¢—C,,) which are more flexible but have lower ten-
sile strength and T, [87]. Additionally, the monomer chain
can be saturated, unsaturated, branched or have a substituted
side chain [51, 81]. By controlling the composition of these
monomers as well the polymer composition (homo- or co-
polyester) creates the possibility of generating PHA with
drastically different properties (Table 6).

PHA only makes up 1.4% of the biopolymer market
despite having superior barrier and mechanical properties to
PLA, but its production levels are set to quadruple by 2023
[13]. PHA shares the same brittleness limitation as PLA and
likewise its brittleness can be improved using tailored blends
with plasticizers [89]. Although PHA has vastly superior
barrier properties compared to other biopolymers its draw-
back is a higher production cost [90]. PHA has high bio-
degradability and good barrier properties meaning it could
replace PET in bottle applications (Table 7); its excellent
ultimate strain means it could replace LDPE in film applica-
tions as a more environmentally sustainable material [91].
Since the monomer of P3HB is a normal metabolic of the
human blood, the polymer also has applications in medicine
where it can be used as surgical implants [87, 90, 92].

Industrial PHA production is commonly carried out using
pure microbial culture (PMC) fermentation. This route has
high costs associated with the use of refined sugar sub-
strates, fermentation operation and downstream processing.

Polymer Structure Degradation rate Medical application
PGA Crystalline 100% in 60-90 days Suture
PGLA Amorphous 100% in 50-100 days Suture, fracture fixation, drug delivery microsphere
PLLA Semi-crystalline 50% in 1-2 years Fracture fixation, ligament augmentation
Poly(L-lactide-co-¢e- Amorphous 100% in 3—12 months Suture

caprolactone)

Poly( e-caprolactone) Semi-crystalline

50% in 4 years

Contraceptive delivery implant
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Table 6 Comparison of

. Polymer T, (°C) T, (°C) Tensile strength Tensile modu-  Ultimate
propertle.s of PHA polymers Vs 8 (MPa) lus (GPa) strain (%)
commodity plastics [51, 88]

P(3HB) 180 4 40 35 5
P(3HB-c0-20 mol% 3HV)? 145 -1 20 0.8 50
P(3HB-co-6 mol% 3HA)" 133 -8 17 0.2 680
P(4HB) 60 - 50 104 - 1000
LDPE 130 -30 10 0.2 620
PP 176 -10 38 1.7 400

43HV 3-hydroxyvalerate

®3HA 3-hydroxydecanoate (3 mol%), 3-hydroxydodecanoate (3 mol%), 3-hydroxyoctanoate (<1 mol%),
3-hydroxy- cis-5-dodecenoate (< 1 mol%)

Table 7 Barrier properties of PHA Vs commodity plastics [91]

Permeant PHA LDPE HDPE PET Nylon
Water 5-19 1.2 0.5 1.3 25
Oxygen 23-29 250-840 30-250 5 3

WVTR in g-mil (100 cm?>—day) at 38 °C, 90% RH. OTR in cc-mil
(100 cm®>—day) at 25 °C, 0% RH

As much as 50% of the total production costs is due to the
refined sugar substrates [93]. In an attempt to reduce the pro-
duction costs, research has focused on both the optimizion
of (PMC) fermentation via genetic engineering, and the
use of mixed microbial cultures (MMC) that exploit waste
feedstocks. Using MMC for PHA production has both a
smaller economic and environment cost compared to PMC
fermentation; this is because they can utilize the surplus
of waste feedstocks and do not require sterile conditions
[94]. Amulya et al. [95] reported the industrial production
of copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate
(PHBYV) from food waste using MMC fermentation, achiev-
ing a PHA production of 23.7% of the cell dry weight, this
route has the additional benefit of generating biohydrogen
as a side product.

Poly(3-Hydroxybutyrate)

The most well know member of PHA is Poly(3-hydroxy-
butyrate) (P3HB) which is produced naturally in the bac-
terium Alcaligenes eutrophus. There are three well-known
biosynthetic pathways for PHA production: a carbon source
pathway that generates 3-hydroxybutyrate monomers, a
fatty acid degradation pathway and a fatty acid biosynthesis
pathway that generate different monomers [88]. P3HB is
derived from a three-step pathway of enzymatic reactions,
the genes responsible for these enzymes (phbA, phbB and
phbC) are conveniently organized on a single operon (phb-
CAB) (Fig. 3) [81]. The reaction pathway: (A) p-ketoacyl
CoA thiolase (encoded by the phbA gene) condenses two

@ Springer

Acetyl-CoA molecules into Acetoacetyl-CoA, (B) Ace-
toacetyl-CoA dehydrogenase (encoded by the phbB gene)
reduces Acetoacetyl-CoA to the monomer D-Hydroxybu-
tyryl-CoA, (C) PHB polymerase (encoded by the phbC
gene) polymerises the monomer into P3HB [96]. DNA
fragments containing the phbCAB operon can be used as a
cartridge in other bacteria that express A. eutrophus PHB-
biosynthetic genes, thus giving them the ability to synthesize
P3HB from aceyl-CoA [96]. P3HB has also be generated
in transgenic plants, which provides even greater control
over monomer composition and thus final polymer proper-
ties [97].

Mechanical Recycling

There are only a few studies on the mechanical and chemi-
cal recycling of PHA due to both its high production costs
and low amounts in circulation. If a P3HB homopolymer is
mechanically recycled by the third extrusion cycle there is
a 50% reduction in its tensile strength [98]. The mechanical
recycling of PHA copolymers has more potential. Zaverl
et al. [99] investigated copolymers of PHBV which only
suffers an 8% loss in tensile strength after five extrusion
cycles. PLA can be added to the copolymer which has a sta-
bilizing effect on its recyclability. PHBV/PLA blends have
been reported to maintain their mechanical properties even
after six extrusion cycles (Table 8) [100]. Once mechanical
options have been exhausted low grade PHA could either
be recycled via pyrolysis to obtain valuable chemicals, or
biodegraded into CO, and assimilated by plants which could
then be used in fermentation.

Pyrolysis

Pyrolysis of PHA can also be undertaken at relatively
mild temperatures and activation energies to yield several
products (Table 9). The thermal degradation mechanism
of P3HB occurs exclusively via a random chain scission
reaction (cis-elimination) of the ester groups, forming the
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Table 8 Changes in molecular weight of PHBV, PLA and PHBV/
PLA after 6 extrusion cycles [100]

Polymer type (6=6th Mw (g/mol) Mn (g/mol) D
recycle)

PHBV 404,020 299,410 1.35
PHBV 6 311,480 218,500 1.42
PLA 262,320 187,990 1.39
PLA 6 248,840 180,170 1.38
PHBV/PLA 319,270 220,770 1.44
PHBV/PLA 6 304,150 210,070 1.44

major products trans/cis-crotonic acid (CA) and its oligom-
ers [101]. Through simple esterification reactions CA can
be converted into crotonate esters [102]. From here there
is promising potential to polymerase these stereo-specific
crotonate esters into optically active polymers, which would
be obtaining a value added product from PHA waste [103].
Catalytic pyrolysis improves the product distribution giving
a higher proportion of valuable products [104].

Biodegradation

PHA will readily biodegrade in compost, soil and marine
environments [92, 105]. In the absence of microorganisms
and ambient conditions PHA remains stable. The copoly-
mer poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(P3HB-co-3HH) has similar biodegradation rates to cel-
lulose powder. Under anaerobic conditions and room tem-
perature P3HB-co-3HH experiences a 62.9% conversion
of its carbon to gas in just 85 days [105]. Under aerobic
seawater conditions at room temperate the same copoly-
mer has a gaseous carbon loss of 83% in 195 days [105].
There are numerous microorganisms capable of degrading
PHA, each microbe will have a preferential environment
where it has optimal growth. Although some microorgan-
isms are capable of degrading extracellular SCL-PHA and
MCL-PHA, the majority of PHA degraders are for SCL-
PHA and can be found in soil, sewage sludge, compost
and marine water. Microbes in the soil environment for
SCL-PHA is between 0.2 and 11.4% [58, 106].

Table 9 The distribution of products fractions of P3HB via pyrolysis and their activation energies [104]

Type of pyrolysis Catalyst and wt.% E, (kJ/mol) Temperature (°C) Product composition wt.% Oligomers wt.%
Trans-CA Cis-CA

Thermal only - 133 60-280 57.1 3.6 39.3

Mg(OH), Mg(OH),, 9% 119 60-240 97.7 0.6 1.7
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Short chain fatty acids (SCFA) have been shown to exhibit
bacteriostatic activity, interestingly SCL-PHA can be degraded
in the gastrointestinal tract of some animals resulting in bio-
control effects similar to SCFA [83]. Freier et al. [107] showed
that a PHB patch could be used to repair bowel defects of rats,
in one week it degraded by 10%. It has also been reported that
copolymer PHBV pretreated with NaOH is digested in pigs
by 37% [108]. The same pretreated copolymer has a digest-
ibility of 85% in sheep [109]. Defoirdt et al. [110] reported
that monomer 3HB completely inhibits growth of pathogenic
Vibrio campbelli in brine shrimp, 3HB could be used as a more
ecologically and economically sustainable alternative to fight
infections in aquacultures instead of antibiotics. Additionally,
3HB have been shown to have antimicrobial activity against
Vibrio, E. Coli and Salmonella in the gastro intestinal tract of
higher organisms [111]. End-of-life PHA should be used as an
energy providing feed ingredient as it has no adverse effects on
animal health and provides bacteriostatic effects.

Optimal Recycling Route

The mechanical and chemical recycling routes for PHA have
not been thoroughly explored due to its high production
costs and low amounts in circulation. Similarly to the other
biopolymers, PHA should first be reused then mechanically
recycled until its properties deteriorate. Low grade PHA
then has two recycling options, pyrolysis or biodegrada-
tion. Although pyrolysis leads to the generation of CA which
itself is a value added product, end-of-life PHA should
instead be biodegraded. This is because biodegraded PHA
allows for a circular economy of PHA production. The deg-
radation products CO, and water are assimilated into plants
which could be used in fermentation for PHA production
[86]. In terms of biodegradation, PHA degrades in compos-
ite, soil and marine environments, and it also degrades in
some animals. The ideal route would utilize end-of-life PHA
as an additional feed ingredient for animals that host the cor-
rect microorganisms. 3HB the most common monomer of
PHA, has been shown to have antimicrobial activity against
harmful pathogens. Biological recycling reduces the need
for antibiotics and decreases the cost of animal feed since
proteins, lipids and minerals of the bacterial PHA degraders
will be used as nutrition in the animals [112]. Undigested
PHA is excreted in fecal matter this is then an ideal medium
for MMC fermentation to generate new PHA ensuring a cir-
cular economy.

Bio-Polyethylene Terephthalate
Another important commercial polyester is polyethylene

terephthalate (PET), it has excellent material properties
such as high mechanical strength, good barrier properties
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and strong solvent resistance [113]. PET has many applica-
tions in construction, transport and packaging, but is pre-
dominantly used in the textile and drinking bottle industries
[113, 114]. Production of PET consists of four stages, first,
bis(hydroxyethyl)terephthalate (BHET) is produced from
ethylene glycol (EG) via either a transesterification reac-
tion with dimethyl terephthalate (DMT) or an esterification
reaction of terephthalic acid (TA). The second stage is a pre-
polymerisation of BHET; the third stage is a melt polycon-
densation to form low M|, PET (suitable for fibres), and the
fourth stage is used to generate high M,, PET (suitable for
bottles) via solid state polymerisation [115]. The esterifica-
tion of EG with TA is the industrially preferred method over
transesterification with DMT since: it has a higher reaction
rate, it uses water instead of methanol as the condensation
agent, it requires no transesterification catalyst and generates
higher molecular weight PET [116, 117].
Bio-PET—Although PET is non-biodegradable and its
precursors TA and EG are fossil fuel derived, it is entirely
possible to obtain the monomers from renewable resources
and therefore synthesis bio-based PET [118]. The major-
ity of bio-based PET currently in circulation is only 30%
partially bio-based where only one of its monomers, EG, is
produced from biomass. Technical constraints have limited
TA production to fossil fuel based [119]. A few beverage
companies such as Dasani, Coca-cola, Pepsi and Nestle
already sell some of their drinks in 30% partially bio-based
plant bottles [120]. One possible solution to generate 100%
bio-based PET is to use abundant lignocellulosic biomass
from forest residues to generate bio-TA [29, 121]. Yeast
microorganisms can be used to convert lignocellulosic bio-
mass into isobutanol (IBA), from here IBA can be further
processed into paraxylene (PX) which is a precursor to TA
(Fig. 4) [122, 123]. While a variety of biomass sources can
be used to generate bio-versions of TA and EG, different
sources will have different environmental impacts, with the
smallest impact belonging to second-generation sources.
Bio-PET bottles with precursor TA obtained from forest
residues have a CO, emission of 4.14-4.92 kg CO, equiva-
lent per kg PET bottle. This is 27% lower than Bio-PET
with precursor TA derived from corn stover, and 21% lower
than Bio-PET with fossil derived TA [121]. This highlights
that just because a precursor is obtained from a renewable
resource does not necessarily mean, it will have a lower
environmental impact compared to its petroleum counter-
part. In the TA from corn stover example, production is very
energy intensive as it includes farming and harvesting, once
the corn stover is processed into its sugars it then has to be
converted to IBA which is further processed into PX and
then TA, which overall produces more CO, emissions than
deriving TA straight from petroleum based PX [121, 124].
Similarly, in the TA obtained from forest residue example,
the biggest CO, impact is from the initial IBA production. It
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takes a considerable amount of energy to destruct lignocel-
lulose in woody biomass into fermentable sugars that can be
processed to IBA [121, 125]. Bio-PET has identical proper-
ties as petroleum derived PET and can be processed using
the same equipment and same polymerisation techniques
and conditions. Furthermore bio-PET can be recycled in the
same recycling stream.

Mechanical Recycling

The mechanical recycling of PET bottles is well established
in part because of the large amount of PET already in cir-
culation but also because the recycled PET is utilized in
a variety of applications. Around 72% of recycled PET is
used in fibre applications [21, 126]. Mechanically recycled
PET suffers from yellowing discoloration but this has been

shown to be nontoxic [127]. Recycled PET has a reduc-
tion in rheological, mechanical and thermal properties; the
reduction significantly increases with the number of recy-
cles (Table 10) [128]. This can be explained by a buildup of
impurities causing chain scission reactions and cleavage of
the ester bonds [129]. Another downside is that PET waste
streams are easily contaminated by both PVC and PLA. PVC
content as low as 100 ppm causes significant degradation of
the recycled PET during the high temperatures required for
PET melt reprocessing (160 °C). PVC generates acids that
act as catalysts causing chain scission reactions lowering
the recycled PET M,, and its commercial value [129-131].
PLA content as low as 1,000 ppm causes noticeable hazing
and degradation of the recycled PET. The low T,, of PLA
(155 °C) results in serious disruption during melt reprocess-
ing of PET [130]. Once recycled PET becomes low grade

Table 10 Tensile parameters for PET

Young’s modu-  Stress at break (MPa) Strain at break (%) Charpy impact
recycled PET [128] lus (MPa) strength (kJ m’z)
Virgin 1405 +40 23.7+0.2 42+4 135+32
1st Recycled 1103 +108 22.4+0.9 35+2 71+35
3rd Recycled 1783 +40 29+2 26+03 16+8
Sth Recycled 1729 +26 10+1 0.7+0.1 6+2
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it can no longer be mechanically recycled, at this point it
should be chemically recycled to recover its monomers.

Hydrolysis

PET can be hydrolysed into its monomers TA and EG.
Hydrolysis conditions are either acidic, alkaline or neu-
tral. The disadvantage of hydrolysis is its high temperature
requirements (200-250 °C) and pressures (1.4-2 Mpa),
along with long reaction times. Commercially, hydroly-
sis of PET is limited as there are additional costs associ-
ated with purifying the recycled TA [132, 133]. Alkaline
hydrolysis of PET is typically carried out using an aqueous
alkaline solution of NaOH at a concentration of 4-20 wt.%.
The reaction conditions are 3-5 h at 210-250 °C and 1.4-2
Mpa and generates products EG and a salt TA-Na, [132].
To recover the products the mixture is heated to 340 °C to
recover EG then the remaining TA salt has to be neutralized
with a strong acid [133]. Acid hydrolysis of PET is car-
ried out using a concentrated acid, industry frequently use
concentrated sulfuric acid (H,SO, > 14.5 M). A number of
patented processes use H,SO, (minimum 87 wt.%) which
allows for a reaction at atmospheric pressure and low tem-
perature [134]. Major drawbacks to this method are: the high
corrosion of the system, the generation of large amounts of
waste inorganic salts, the need to purify EG from H,SO,
[133]. Neutral hydrolysis of PET is carried out in water
therefore it has the advantage of high ecological purity. Its
drawbacks are, however, that any mechanical impurities
from the polymer will be left in the recovered TA, it requires
a higher temperature (300 °C) and pressure (4 MPa) than

other types of hydrolysis [133, 134]. Recovered TA and EG
can be repolymerised to form virgin PET.

Alcoholysis

PET can be depolymerised via methanolysis which results
in the stoichiometric formation of its monomers DMT and
EG. Methanolysis of PET flakes is typically carried out at
high temperatures (180-280 °C) and high pressures (2—4
Mpa), and divalent metal catalysts are usually employed to
enhance depolymerisation rates [114, 135]. The methanol-
ysis of waste PET also generates several byproducts such
as BHET, 2-hydroxyethyl methyl terephthalate (MHET),
oligomers, and dimers of DMT and BHET (Fig. 5). The
separation and refinement of these byproducts make PET
methanolysis a costly process. Another major problem with
this method is that the product is DMT, and nowadays the
majority of PET is based synthesis from TA. Therefore,
additional conversion of DMT to TA is required which adds
considerable costs to the whole process [136]. In comparison
to glycolysis of PET, methanolysis has a simpler product
purification and can accept lower quality feed of PET wastes
[136]. The methanolysis of waste PET can also be achieved
without the use of a catalyst, however, in order to get reason-
able yields supercritical methanol (239 °C, 8.09 MPa) must
be used (Fig. 5) [135, 137, 138]. The optimal conditions for
supercritical methanolysis of PET are a temperature range
of 250-270 °C at 9-22 MPa and weight ratio methanol to
PET from 6 to 8; 98% conversion are achieved in as little
as 40 min [137]. An increase in the ratio of methanol to
PET and an increase in reaction temperature, both increased
the degree of depolymerisation and DMT selectivity [137].

O O . . .
>_©_< OH + _OH Principal reaction
o) o)

BHET
(@) 0
o o O
(@] o—
5 W
DMT dimer

0] O
+ >—< >—< OH
o} O
m

BHET dimer

Oligomers (2<m<n)

Fig.5 Overall reactions for PET alcoholysis using supercritical methanol
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PET can also be depolymerised via supercritical ethanolysis
(241 °C, 6.14 MPa), were PET waste completely depolymer-
ises at 255 °C and 7.6—-11.6 MPa in 5 h with a DMT yield
of 98.5% [139].

The same alcoholysis conditions that would completely
depolymerise PLA leaves PET unconverted. The nucleo-
philic attack of an alcohol group with a PET ester bond is
steric hindered by benzene rings, which explains its lower
reactivity towards alcohols in comparison to PLA [140]. It
is well known that depolymerisation process are initiated
more easily in amorphous regions than crystalline regions.
Despite both polymers being semi-crystalline, PLA plastics
tend to have more amorphous content in comparison to PET
plastics, which also explains PET lower reactivity [141].

Glycolysis

Glycolysis is the most widely used chemical recycling
method for PET. Glycolysis is the insertion of a glycol into
the PET chains, breaking the ester linkages and replacing
them with hydroxyl terminals to produce BHET, oligomers
and dimers [114, 132]. The optimum parameters for PET
glycolysis are: a temperature range of 180-240 °C, pres-
sures of 0.1-0.6 MPa, a transesterification catalyst, a high
EG/PET ratio and 0.5-8 h for completion, product forma-
tion is mostly BHET with very little oligomers [132, 136,
142]. The reaction follows first order kinetics with respect
to PET, and second order with respect to EG concentration
[143]. A higher ratio of EG:PET (>5:1) favors the forma-
tion of BHET instead of oligomers [143]. The addition of
cyclohexylamine with NaOH in EG significantly enhances
the rate of glycolysis and results in the product formation of
DMT and EG instead of BHET [144].

In the absence of a catalyst the reaction is slow unless
there is very high temperature and pressure [145]. Glycoly-
sis can be carried out using a variety of glycols such as EG,
diethylene glycol (DEG), propylene glycol (PG) and dipro-
pylene glycol, however most attention in literature has been
devoted to glycolysis by EG [39]. Several catalysts can be

Table 11 Glycolysis of PET using different catalysts

used for glycolysis, industry often used a metal acetate and
Zinc acetate is considered the best among them (Table 11).
These catalysts have several drawbacks such as: difficulty
separating the catalyst from the products, side reactions,
product impurities [145]. Instead ionic liquid catalysts can
be used which have similar activities and selectivity for
BHET, while also being more recyclable and have a sim-
pler purification process [143, 146, 147]. Sangalang et al.
[148] used a generalized kinetic analysis for PET glycolysis
and calculated an activation energy of 29 kJ/mol. This value
is somewhat lower than other activation energy’s reported
in literature, but it is closer to theoretical values for ester
bond degradation and transesterification [148]. Glycolysis
can be used to achieve a circular economy since BHET can
be repolymerised to virgin PET.

Additionally, value added products can be obtained from
glycolysis; BHET, dimers and oligomers can serve as start-
ing materials for the production of unsaturated polyester res-
ins (UPR) [143]. Vaidya and Nadkarni [149] were among the
first to study the formation of UPR [149]. They found that
if PG was used for glycolysis of PET then the product oli-
gomers could be further reacted with maleic anhydride and
mixed with styrene monomer to produce UPR. It has also
been reported that the type of glycol used in glycolysis has
a significant effect on the characteristics of the cured UPR
resins [150]. Both cured EG and DEG UPR exhibited hard
and brittle characteristics whereas cured PG UPR exhibits
characteristics compatible with PS [149, 150]. UPR are used
in applications such as varnishes, lacquers, artificial pearls
and ornaments [151].

Optimal Recycling Route

PET materials should be reused where possible, after which
PET should be mechanical recycled for as long as possible.
Lower grade PET can be used in fibre applications. Low
grade PET should be chemically recycled to recover its mon-
omers. A variety of chemical recycling routes can be used to
depolymerise PET to its monomers, which once recovered

Reactants Reactants Catalyst Catalyst/PET Tempera- Time (min) BHET yield (%) References
ratio (W/w) (wt./wt.) ratio ture (°C)
EG/PET 4:1 Titanate nanotubes 0.0033 196 120 76.7 [143]
EG/PET 4:1 Zinc acetate 0.0033 196 120 82.6 [143]
EG/PET 4:1 Nano ZnO (55 nm) 0.0005 190 80 90 [152]
EG/PET 4:1 [Bmim,][CoCl,] 0.2 175 90 95.7 [146]
EG/PET 7:1 [Bmim][OAc] 0.33 190 180 58.2 [145]
EG/PET 11:1 [Bmim][ZnCl;] 0.16 190 300 83.8 [153]
Glycol/PET 6:1 Zinc acetate (microwave) 0.005 190 30 98 [142]

Bmim = 1-butyl-3-methylimidazolium
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can then be repolymerised to PET achieving a circular econ-
omy. Among the different possible chemical routes, glycoly-
sis offers the lowest activation energy (Table 12). Moreover,
if glycolysis is carried out using an ionic liquid then product
purification is relatively easy. While hydrolysis and alcoho-
lysis generate the monomers TA, DMT and EG, glycolysis
generates BHET which requires less polymerisation steps
to generate PET. Glycolysis also offers the opportunity to
obtain UPR which is a value added product.

Bio-Polyethylene

Polyethylene (PE) is a crystalline thermoplastic and is argu-
ably one of the most important commodity plastics in circu-
lation accounting for 36% of all non-fibre plastic, it has good
mechanical resistance and is highly resistant to hydrolysis,
solvolysis and oxidation [1, 47]. PE can be separated into
two main categories depending on both its density and the
degree of branching, high-density PE (HDPE), and low-den-
sity PE (LDPE) [159]. LDPE has a combination of desirable
properties such as a very low 7, (~ —120 °C) and moderate
T,, (105-115 °C), these properties allow the material to have
a good strength, flexibility, impact resistance and melt flow
behavior, creating utility for LDPE over a wide temperature
range [47]. On the other hand, HDPE which is synthesized
via catalytic coordination with a Ziegler—Natta catalyst has
little to no branching, this allows for more efficient packing
of polymer chains causing stronger intermolecular forces
and a higher crystallinity and tensile strength [17, 47].
Bio-PE—Conventionally PE is a fossil fuel derived plas-
tic however it is entirely possible to obtain PE’s monomer
ethylene from a renewable resource and thus generating bio-
based PE. Bio-ethylene is normally synthesized from the
catalytic dehydration of bio-ethanol, which itself is gener-
ated from first- or second-generation fermentation of bio-
mass [160, 161]. In theory, any of the existing petrochemical
based PE plants could be converted to a bio-PE plant just by

using bio-based ethylene instead of petro-based [159]. The
same polymerisation techniques and conditions can be used
and bio-PE can be processed using the same equipment.
Furthermore, bio-PE can be recycled in the same recycling
stream, no additional investment into equipment changes or
waste sorting is needed to implement bio-PE. Bio-PE offers
a reduced carbon footprint (especially when utilizing second
generation bio-ethylene) and matches the thermomechanical
ability of PE. If bio-PE replaced conventional PE in all of its
huge variety of applications and was collected and recycled
at end-of-life, it would have a significantly positive impact
on the environment [159, 161].

Mechanical Recycling

PE can be mechanical recycled via melt extrusion up to 40
cycles without a significant change in mechanical proper-
ties or processability [162]. After this, there is a drop in T,
due to reduced crystallinity of the recycled polymer. The
decreased crystallinity is attributed to less effective packing
from structural irregularities formed because of thermo-
mechanical and thermo-oxidative degradation [162, 163].
PE has a highly stable molecular structure meaning it is not
susceptible to any type of solvolysis.

Pyrolysis

Pyrolysis of PE is carried out at high temperatures
(<800 °C) or low temperatures (400-500 °C) in an inert
environment. Its thermal decomposition leads to the forma-
tion of a solid char and a volatile fraction. The fraction can
be separated into a condensable hydrocarbon oil and a non-
condensable gas that has a very high gross calorific value
(GCV) [17, 164, 165]. The hydrocarbon oil produced from
the pyrolysis of mixed plastic waste streams (predominantly
PE, PS, PET, metals, paper, etc.) consists of a complex mix-
ture of organic compounds such as styrene, toluene, ethyl-
benzene etc.[166]. These valuable chemicals can be used as

Table 12 The activation

. : . Degradation routes for PET ~ Catalyst E, (k]J/mol) Temperature References
energies of different degradation range (°
ge (°C)
routes for PET
Acid hydrolysis H,S0,9 M, 88.7 150-190 [154]
Acid hydrolysis HNO; 13M 101.3 70-100 [155]
Alkaline hydrolysis NaOH, 20 wt.% 99 120-200 [133]
Neural hydrolysis - 112.5 149-195 [156]
Glycolysis [Bmim][OAc], 33 wt.% 58.53 150-190 [145]
Glycolysis Zinc acetate, 5x 107 wt.% 46.2 160-200 [144]
Methanolysis Zinc acetate, 5x 10~ 95.31 120-140 [157]
Twt.% + Lead acetate,
3x107 wt.%
Pyrolysis - 197.61+2.27  395-520 [158]

Bmim 1-butyl-3-methylimidazolium

@ Springer



Journal of Polymers and the Environment (2020) 28:2551-2571

2565

raw materials for many other applications, e.g. styrene could
be used in UPR production [150]. The non-condensable gas
is a mixture of high GCV hydrocarbons along with CO, and
CO [166]. The chemical energy of pyrolysis gas increases
substantially with increasing process temperature. The gas
produced from PE has a GCV of 46.06 MJ kg™! [167]. High
PE content in mixed waste generates higher viscosity lig-
uids and high metal content yields more aromatics in the
liquid fraction [166, 168]. The oil is the desired product of
pyrolysis while char and gases are by-products [169]. The
theoretical energy requirement to pyrolyze 1 kg of PE is
1.047 MJ and can generate around 72—-84 wt.% liquid oil
[170]. The energy value of the oil is around 43 MJ/kg so the
energy profit is very high for this process [169, 171]. The
high heating value of char means it has the potential to be
used as an energy source, it can be crushed into powder and
made into briquettes. Char derived from HDPE pyrolysis has
a calorific value of 18.82 MJ kg‘1 [172]. Chars derived from
100% PE have higher combustion rates and heat release in
comparison to a mixed waste char [173].

The distribution of products depends on several factors
including temperature, retention time, moisture content,
heating rate, particle size of feedstock, the type and opera-
tion mode of the reactor [165, 169]. With an increasing tem-
perature the liquid fraction and char amount decreases and
the gas fraction increases [166, 174]. Increasing the pyroly-
sis temperature results in shorter chain products because of
increased C—C bond cracking [169]. PE is only suitable for
pyrolysis if a catalyst is used, without it PE is mostly con-
verted into wax instead of liquid oil [168].

Catalytic pyrolysis has a narrower distribution of hydro-
carbon products, through careful selection and experiment
design products of higher market value could preferentially
be generated (Table 13) [17, 175, 176]. Solids such as silica
alumina, ZSM-5, and zeolites have been reported to effec-
tively convert PE into liquid fuel, giving lighter fractions as
compared to standard thermal cracking [16, 177]. ZSM-5

zeolite is commonly used for catalytic pyrolysis of PE
achieving higher conversions of valuable aromatics in the oil
compared to thermal degradation only; furthermore, the cat-
alyst has been shown to decrease pyrolysis energy consump-
tion [178]. A downside is that ZSM-5 loses its activity after
use however, the deactivation can be reversed upon heating
at 550 °C with oxygen [178]. ZSM-5 has a high micropore
area and volume meaning it has high internal porosity, this
along with its acidic nature make it an effect catalyst [169].
The acid nature of the catalysts enhance conversion by pro-
tonating defective sites along the polymer chain which then
undergo f-scission, acid strength and textural properties of
the catalyst are the main parameters dictating performance
[179]. Porosity, surface area characteristics and particle size,
determine to a large extent the accessibility of bulky poly-
meric molecules to the internal catalytic acid sites of the
catalyst [175].

Optimal Recycling Route

Bio-PE/PE materials should be reused where possible, after
which should be mechanical recycled for as long as pos-
sible. Low grade PE should then be chemically recycled to
recover its value. Since PE is highly resistance to solvolysis
the only chemical recycling route capable of degrading it is
pyrolysis. Catalytic pyrolysis should be carried out as it has
a lower energy requirement than just thermal decomposi-
tion and generates a greater proportion of valuable products
(Table 14). ZSM-5 is robust catalyst that is well suited for
the industrial pyrolysis of PE achieved very high conver-
sions of oil fraction with a large proportion of aromatics in
the liquid. There is a strong synergistic interaction between
cellulose and PE, suggesting that PE should be mixed with
lignocellulosic waste before pyrolysis [183]. The oil consists
of very valuable aromatics that can be used as feedstocks in a
variety of applications. Additionally, the byproducts gas and
char are also valuable as they can be used as fuel substitutes.

Table 13 The distributions of products and oil composition of pyrolysed PE [180-182]

Catalyst Temp (°C) Yield of products Oil composition A %) P(%) O (%) N (%)
Wax (wt.%) Liquid (wt.%) Gas (wt.%) Char (wt.%) C4¢C;, C;3-C,y >Cys

- 500 65.8 13.2 20.2 0.1 - - - 07 - - -

- 600 44.1 11 43.7 0.17 - - - 1.03 - - -

ZSM-5 450 - 35 63.5 1.5 99.92  0.08 0 58.75 1.63 16.08 23.55

Silica-Alumina 450 - 78 21 1 91.31 8.69 0 0.39 0.2 91.62 5.62

Spent FFC* 400 - - - - 94.88 5.12 0 489 11.39 799 3.83

*FFC composition (wt.%) Al 19, Si 17, Ti 0.25, Fe 1.1, Ni 0.53, Cu 1.65, Zn 1.17, coke 0.13
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Tablg 14 Activation.energies Polymer Catalyst E, (k]/mol) Temperature (°C) References

of different degradation routes

for PE HDPE - 20240+£9.47  425-565 [158]
LDPE - 267.61+3.23 443-535 [158]
HDPE - 176.01 514-636 [184]
HDPE (end of life) - 117.42 412462 [184]
HDPE/PS/PP (3:1:1) - 179.0+10.1 350-520 [185]
PE/cellulose (1:1) - 120.41 318-384 [183]
PE/cellulose (1:1) Fe 2.8 wt.% 32.02 203-360 [183]
HDPE/PP/LDPE (2.5:2.5:1) ZSM-5 92 349-510 [186]
HDPE/PP/LDPE (2.5:2.5:1) HY-zeolite 91 322-520 [186]

Conclusion recycling routes is already well established. All that remains

Rising CO, levels and climate change means there is an
increasing pressure to shift from non-renewable fossil-fuel
based plastics to renewable bioplastics. Bioplastics should be
synthesized from second generation biomass instead of first
generation and should then replace petro-plastics in as many
applications as possible due to their inherit lower carbon
footprint. In applications that require the superior properties
of petro-plastics, instead of replacing them with a mechani-
cally inferior bioplastic the petro-plastic itself should be
derived from a renewable resource. This review mentioned
two such cases, the commodity plastics PE and PET are
conventionally derived from fossil fuels even though bio-
versions of both can be synthesized that match the mechani-
cal ability just at a fraction of the carbon footprint.

The optimal recycling route for each of the mentioned
polymers should first be reuse, after which the polymers
should be mechanically recycled for as long as possible until
they become low grade. Bio-PET and bio-PE both maintain
their mechanical properties for a decent number of recy-
cles. Once the polymers become low grade their monomers
should be recovered via a chemical route, the monomers
can then be repolymerised resulting in a circular produc-
tion economy. Each biopolymer has an optimum route with
the lowest activation energy. PLA should be recycled via
alcoholysis since it generates a value added product. Simi-
larly, bio-PET should be recycled via glycolysis since it also
generates a value added product. Bio-PE has strong solvent
resistance so it can only be recycled via pyrolysis. PGA has
a small amount in circulation and is only used in medical
applications where it fully biodegrades. PHA should be bio-
logically recycled as it reduces the need for antibiotics and
decreases the cost of animal feed. Undigested PHA in fecal
matter is an ideal medium for MMC fermentation to gener-
ate new PHA.

In terms of challenges that remain, biopolymer produc-
tion costs need to be reduced and the biopolymer mechani-
cal ability needs to be improved. The technology and litera-
ture for bio-versions of commodity plastics and chemical

@ Springer

then is for the chemical recycling infrastructure to develop
and better plastic waste collection schemes to be put into
place.
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