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Bioplastics landscape
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showing growing interest in Bioplastics. About 4% of the 
world’s oil production is converted into plastics for use in 
products as varied as shopping bags and the external panels of 
cars. Another few percent is used in processing industries 
because oil-based plastics require substantial amounts of 
energy to manufacture. 

As oil runs out and the use of fossil fuels becomes 
increasingly expensive, the need for replacement sources of 
raw material for the manufacture of vital plastics becomes 
increasingly urgent. In addition, the use of carbon-based 
sources of energy for use in plastics manufacturing adds 
greenhouse gases to the atmosphere, impeding the world’s 
attempts to cut CO2 emissions [3, 4]. 

An environmental dilemma with more far-reaching 
implications is climate change. The need for rapid and deep 
greenhouse gas (GHG) emissions cut is one of the drivers for 
the resurgence of industrial biotechnology generally, and the 
search for bio-based plastics more specifically. Bio-based has 
come to mean plastics based on renewable resources but this 
need not necessarily imply biodegradability. If the primary 
purpose is GHG emissions savings, then once again plastics 
durability can be a virtue, if the end-of-life solution can be 
energy recovery during incineration or recycling. The pattern 
of production is shifting from the true biodegradable plastics 
to the bio-based plastics and that trend is likely to persist into 
the future [5]. 

Another environmental aspect of plastics manufacture is 
greenhouse gas generation. The Intergovernmental Panel on 
Climate Change (IPCC) trajectory to 2050 for stabilization of 
atmospheric GHG concentrations at 450 ppm CO2 requires 
emissions reduction of 80% compared to the 1990 level [3]. 
This will be perhaps the biggest human challenge of the next 
generation. Several countries have adopted targets for such 
deep reductions in GHG emissions [4] and part of the strategy 
for many is the development of a biobased economy. The 
biobased economy first emerged as a policy concept within the 
OECD at the start of this century linking renewable biological 
resources and bioprocesses through industrial scale 

biotechnologies to produce sustainable products jobs and 
income [6, 7]. 

These problems can be overcome. All the major oil-based 
plastics have substitutes made from biological materials. The 
polyethylene in a shopping bag can be made from sugar cane 
and the polypropylene of food packaging can be derived from 
potato starch. Plastics are irreplaceable and will all eventually 
be made from agricultural materials. 

2. Definition and Basic Facts of 
Bioplastics 

A bioplastic is a plastic that is made partly or wholly from 
polymers derived from biological sources such as sugar cane, 
potato starch or the cellulose from trees, straw and cotton. 
Bioplastics are not just one single substance, they comprise of 
a whole family of materials with differing properties and 
applications. According to European Bioplastics [20] a plastic 
material is defined as a bioplastic if it is either biobased, 
biodegradable, or features both properties. 

Biodegradation: A biological process in which, a polymer 
breaks into smaller particles with the help of microbial activity 
and converted into methane, water and carbon dioxide. The 
mechanism of bio degrade the polymer depends upon the 
thickness and composition of the material. [21] 

Degradation: The process of disintegration of the polymer 
into smaller fragments by the action of abiotic factors such as 
UV radiation, oxygen attack, and biological attack. The most 
common degradable plastics are polyethylene. 

Bio-based plastics: The term bio-based consists both 
plastics that are biodegradable and are bio-based, means those 
are derived from natural resources or biomass in some content. 
They may or may not be biodegradable but recyclable. The 
mechanical properties are quite similar as those derived from 
fossil for example, Bio- PVC, bio- PE derived from sugarcane 
(Braskem). [22] 

 
Figure 1. Understanding the three different categories of bioplastics [23]. 
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PBAT Polybutylene adipate terephthalate
PP Polypropylene
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Figure 1. Schematic representation of technological approaches in producing 

commercial bioplastics (Shaded in blue-Biodegradable polymers derived from oil-based 

resources) 

Majorly used commodity polymers like polyethylene terephthalate, polyamide and 

polypropylene have also been manufactured from bio monomers derived glucose 

fermentation or lignin fermentation which facilitates the resurgence of Bio-PET, Bio-PA, 

Bio-PP respectively [16]. Growing interest in novel bioplastics constituting two or more 

existing biodegradable polymers would eventually result in second-generation bioplastics, 

thus offering advantage of developing scalable counterparts to synthetic plastics [17]. Hence, 

the goal would be to design novel composites comprising only of bio-based building blocks 

having specific desired functionalities suitable for applications and at the same time 

completely biodegradable and recyclable building blocks having specific desired 

functionalities suitable for technological applications [18]. For example, in a recent work, 

synergic blends of PLA and PCL were highlighted as completely biodegradable (in domestic 

composting conditions) alternatives to conventional, petrochemical based plastics [19]. 

Emerging bio-based polymers like Poly (Ethylene 2, 5-Furandicarboxylate) (PEF)/ poly 

(trimethylene terephthalate) (PTT) and polypropylene carbonate (PPC) produced from bio-

based furan monomers and alcohols/epoxides respectively are characterized by excellent 
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Figure 2. Schematic representation of recycling strategies for sustainable management 

of bioplastics and contribution towards SDGs 

6. Future outlook 

Rationally designing the bioplastics to impart desired functionality and recyclability 

[45, 46] and utilising unaccounted biomass as a valuable resource would together establish a 

sustainable production value chain for bioplastics. Despite some of the bioplastics production 

technologies are lacking the scalability and productivity comparable to petroleum based 

routes, governmental regulations and consumer pressure has been fostering the bioplastics 

industry to adopt and implement sustainable production routes. Circular bioeconomy is also 

gaining global momentum which in turn triggered wide range of stakeholders to leverage the 

IC- Industrial composting 
HC- Home composting 
MR- Mechanical Recycling
AD-Anaerobic Digestion
CR-Chemical/catalytic Recycling 
ED- Enzymatic depolymerisation

Range of lifecycles of bioplastics in a circular economy
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Industrial Composting 
vs Home Composting

• Commercial composting can decompose meats, 
oils, and compostable plastics due to the higher 
heat and better aeration of the composting piles
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which is important for certain biodegradable plastics. PLA for 
example needs a thermal trigger in order to biodegrade – the 
temperature has to be above its glass transition temperature. In 
other environments, where the temperature is lower, PLA will 
not biodegrade. The second factor is the biology (microorgan-
isms), more important the role of the fungi. Fungi are needed for 
biodegradation of ‘difficult’ biodegradable plastics, and they are 
active only in compost and soil. The classification of biodegra-
dation processes is given on Figure 5 (de Wilde, 2013). It can be 
seen that only a few biodegradable polymers biodegrade in all 
conditions (PHA and chemical pulp).

Besides the way in which biodegradable products are dis-
posed of (commercial composting facilities, home composting, 
etc.), the major factor influencing the rate of biodegradation of 
biodegradable product is its thickness. The thicker a product is, 
the longer it will take to degrade. This is also the reason why 
certifications (in Europe given by institutions DIN CERTCO or 
Vinçotte) can be given only to products. Materials, intermediates 
and additives can only be registered.

The influence of product thickness on the rate of biodegradabil-
ity was tested during project MarineClean (full name of the project 
is Marine debris removal and preventing further litter entry). As 
previously mentioned, only a few biodegradable plastic materials 
degrade in marine waters, and one of them is Polyhydroxyalkanoate 
(PHA), so the material based on PHA was chosen for the 
MarineClean project. The material tested was used in the form of 
film (thickness 40 µm) and injection moulded test specimens ! 
boxes (thickness approximately 1.5 mm).

Testing of the biodegradable material was done in a laboratory 
aquarium, with a bottom structured from sandstone boulders and 
pebbles, and populated by typical infralittoral species, such as 
blennies, crabs, gastropods and anemones. Besides film, thicker 
products were tested as well – injection-moulded plastic boxes. 
The boxes were left on the bottom of the aquarium and observed 
on a daily basis.

Results of bacterial community structure analyses and micro-
scope observations showed a fast biofouling and a relevant 

importance of complex living communities of bacteria and 
eukaryotes (biofilm) for efficient decomposition of biodegrada-
ble plastic material. The biofilm formed on the surface of the thin 
PHA film after just a few days in the seawater was acting as an 
attractor for macrofauna, like fish and crabs, which often graze 
on biofilms on different surfaces. The coincident feeding with the 
PHA film was most probably not intentional, but accelerated the 
full degradation of the film. The feeding on biofilm covering 
thick boxes was observed as well. As opposed to the film, the 
boxes were not consumed by macrofauna. The reason is in the 
thickness of the material, which was too strong to be fragmen-
tised (France et al., 2014).

The aquarium experiments confirmed the biodegradability of 
the PHA in seawater. However, the thickness of the biodegrada-
ble plastic played a major role in the degradation rate of the tested 
material. The degradation of the tested materials was supported 
also by the results of the chemical analyses (France et al., 2014).

Conclusion
Biobased plastics are not a universal solution of all the world’s 
problems – but if we have to move someday (either by choice or 
by necessity) to a world without fossil resources, plastics will 
have to be made from some other sources, most probably agri-
cultural. There are still some issues that have to be overcome, 
like its high price, lower mechanical properties compared with 
fossil-based plastics, agricultural land availability, etc., but the 
future certainly looks bright for biobased plastics. On the other 
hand, biodegradable plastics, once thought as a solution to land-
fill and littering problems, are restricted to a limited number of 
applications. They will not resolve the littering issue, because 
littering is a social problem that will not be solved by making 
the material biodegradable. Biodegradable plastics have a 
potential to be biodegraded by biological agents only under cer-
tain conditions, in a given time, but these conditions have to be 
met in order to fully take advantage of the biodegradability of 
plastic material. Undoubtedly, both biobased and biodegradable 

Figure 5. Classification of biodegradation processes (de Wilde, 2013).
PBAT: polybuthylene adipate terephthalate; PCL: polycaprolactone; PHA: polyhydroxyalkanoate; PLA: polylactic acid.

Rujnić-Sokele, M. and Pilipović, A., 2017. Challenges and opportunities of biodegradable plastics: A mini 
review. Waste Management & Research, 35(2), pp.132-140.
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General distribution and applications of plastics
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and polyethylene terephthalate (PET) [1]. A general distribution of such commodity plastics is reported
in Figure 1:Polymers 2020, 12, x FOR PEER REVIEW 2 of 17 
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sources used for the monomers’ collection. 
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groups [9]: 
1. bio-plastics that are based on renewable resources and that are biodegradable, like starch plastic, 

cellulose polymers, proteins, lignin and chitosan plastics, polylactic acid (PLA), polyhydroxy 
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Figure 1. General distribution and application of plastics.

Polyolefins, followed by polyesters, comprise the major part of plastics, corresponding to about
45%, and are used especially for packaging applications, [1]. As still highlighted by Nguyen et al. [1],
the depletion of 5% of petroleum and natural gas per year for their production, the continuous and
dramatic rise in plastic consumption in view of the importance of considering the final destination of
these materials (where are the 300+ billion kg of plastic produced each year?), and the interest in finding
renewable resources to build our indispensable plastics must be followed. As an example, in the United
States, 60% of plastics are landfilled, 10% are recycled and 30% are unaccounted for, contributing
to terrestrial and aquatic environmental concern. Furthermore, as is also reported by Nguyen et al.,
the weight of plastic accumulated in the ocean will exceed the weight of fishes by 2050 probably,
considering that 10 tons of PE, PP and foamed PS (floating plastics) are discarded every minute into
the ocean. In this context, bio-based plastics could o↵er an important contribution to reducing the
use of and dependence on limited petroleum resources and to decreasing the related environmental
impacts. As reported by Niaounakis and by Shen et al. [2,3], bio-based plastics can be defined as
“man-made or man-processed organic macromolecules derived from biological resources and for plastic and fibre
applications”. They can be biodegradable or not, sometimes compostable and can be synthesized from
renewable resources or from resources coming from plants and/or animals, and sometime they can
return to nature as water, carbon dioxide, inorganic compounds and biomass via the composting
process, leaving no toxic and/or distinguishable residues [4–8], according to ISO and ASTM rules.
The biodegradability depends on the chemical structure of the polymers but not on the sources used
for the monomers’ collection.

The bio-based plastic that has been investigated up to now could be divided into three principal
groups [9]:

1. bio-plastics that are based on renewable resources and that are biodegradable, like starch plastic,
cellulose polymers, proteins, lignin and chitosan plastics, polylactic acid (PLA), polyhydroxy
alkanoates (PHAs), but also polyhydroxybutyrates (PHBs), polyhydroxyvalerate (PHV) and their
copolymers in di↵erent percentages (PHBV); this class now includes polymers such as PVC, PE,
PP, PET, nylon and polyamides (PA), named as bio-plastics because the starting monomers could
be obtained from biological resources;

Siracusa, V. and Blanco, I., 2020. Bio-Polyethylene (Bio-PE), Bio-Polypropylene (Bio-PP) and Bio-Poly (ethylene terephthalate)(Bio-PET): Recent Developments in Bio-Based 
Polymers Analogous to Petroleum-Derived Ones for Packaging and Engineering Applications. Polymers, 12(8), p.1641.



Polymer Name Source/Feedstock 
capacity 
(Kt/Year)

Sustainable end- of-life 
options 

TPS, Cellulose, Cellulose acetate, Starch 
blends 

Biomass, agro- residues, 
lignocellulosic derivatives 384 HC, IC, AD 

PLA & PLA blends 
Lactic acid from dairy whey, corn 
starch or organic residues 225 IC, MR, CR 

PHA, PHB, PHO 

Volatile fatty acids, glucose/glycerol 
from fermentation of municipal solid 
waste or any carbon feedstocks 30 HC, IC, AD, CR 

PCL Chiral hydroxy acids, lactones -- HC, IC, CR 
PBS Succinic acid, 1,4- butanediol 97 CR, ED 

PBAT & PBAT blends 

Terephthalic acid, adipic acid 
hydroxymethyl furfurals (HMFs), 
butanediol 152 IC, CR 

Biodegradable polymers Production 

AD-Anaerobic Digestion; MR- Mechanical Recycling; CR-Chemical/catalytic Recycling; 
ED- Enzymatic depolymerisation; IC- Industrial composting HC- Home composting 

Rameshkumar, S., Shaiju, P., O’Connor, K. E., & Babu P, R. (2019). Bio-based and biodegradable polymers - State-of-the-art, Challenges and Emerging Trends. 
Current Opinion in Green and Sustainable Chemistry. doi:10.1016/j.cogsc.2019.12.005
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Marine-Degradable Polylactic Acid†  

Ryan T. Martin, Ludmila P. Camargo and Stephen A. Miller* 

 

 

 

Polyesteracetal (PEA) copolymers of 1,3-dioxolan-4-one 

(DOX) with L-lactide (LA) were synthesized via ring-

opening polymerization (ROP). Facile degradability in 

distilled water or seawater was observed—presumably via 

hydrolysis of the main-chain acetal functionality.  Over 45 

days, mass loss approached 2% and molecular weight loss 

(Mn) exceeded 15%; control experiments with polylactic 

acid (PLA) indicated no degradation. 

Throughout the 20th century, commodity thermoplastics were 
almost exclusively derived from non-renewable fossil fuels and the 
industry has been driven by two main factors:  cost and utility.  In 
the 21st century, however, there is a strong push for a more 
responsible and holistic approach to plastics—an approach that 
includes a greater emphasis on the sources from which plastics are 
derived, as well as the ultimate fate of the materials after their useful 
lifetime is exhausted.  In other words, modern sustainable plastics of 
the 21st century and beyond must be considered in terms of a green 
birth, a functional and effective life, and a green death.  

Polylactic acid (PLA) has arguably enjoyed the most commercial 
success as a sustainable thermoplastic.1  PLA has several drawbacks, 
however.  It suffers from a low glass transition temperature (ranging 
from about 45° to 55° C) relative to petroleum-based counterparts 
(e.g., 65–70 °C for polyethylene terephthalate and 95–100 °C for 
polystyrene).2  For this reason, it is common to see disposable cups 
made of PLA marked “FOR COLD BEVERAGES ONLY”.  
Nevertheless, this disadvantage is outweighed by the facts that PLA 
can be made from sustainable resources, most commonly corn, and it 
is believed to possess the ability to degrade on a shorter timescale 
than traditional thermoplastics.  While PLA is more amenable to 
degradation pathways than traditional hydrocarbon-based 
thermoplastics, the mechanisms by which it can degrade are limited, 
and are best done under very controlled circumstances, such as  
 
The George and Josephine Butler Laboratory for Polymer Research, 
Department of Chemistry, University of Florida Gainesville, Florida 
32611-7200, USA. Fax: +1-352-392-9741; Tel: +1-352-392-7773;  
E-mail: miller@chem.ufl.edu 
†Electronic Supplementary Information (ESI) available: Synthetic details 
and complete polymer characterization data. See DOI: 10.1039/b000000x 

 

industrial composting, which requires enzymatic biodegradation 
(Scheme 1).3 Left to degrade on its own in anaerobic landfill 
leachate or marine conditions, it is questionable whether PLA will 
degrade appreciably faster than traditional fossil fuel-based 
polymers, such as polyethylene.4  Improvements to this limited 
degradation behaviour would transfigure PLA into a completely 
sustainable polymer with a green birth and a green death. 
 

 

Scheme 1  The full lifecycle of polylactic acid (PLA) generally 
relies upon enzymatic biodegradation.   

 
We sought to install an abiotically hydrolyzable functional group 

into the main-chain of PLA and targeted the acetal functional group 
because of our prior experience with polyacetals5 and the ubiquity of 
the acetal group in nature.  Indeed, it is the most prevalent monomer 
connecting group on earth since it links the glucose units of the most 
abundant polymer, cellulose.  Intent on a ring-opening 
copolymerization with lactide strategy, we pursued the 5-membered 
heterocycle 1,3-dioxolan-4-one (DOX),6 which bears both the ester 
and acetal functional groups.  We synthesized this oxa-lactone from 
formaldehyde and glycolic acid which, in turn, can be made via 
hydrocarboxylation of formaldehyde with carbon monoxide,7 both 
potentially renewable C1 feedstocks.8 Alternatively, several catalysts 
have been described that produce 1,3-dioxolan-4-one directly from 
formaldehyde and carbon monoxide (Scheme 2).9  
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PLA is derived in a two step process that starts with 
fermenting the dextrose derived from a simple hydrolysis 
of corn starch. The product of the dextrose fermentation, 
lactic acid, is the basic building block of the Ingeo
polylactide family of plastics. Lactic acid is further treated 
to create an intermediary monomer product called lactide, 
which is then polymerized through a process called ring 
opening polymerization to form PLA.

Marine-Degradable Polylactic Acid, Ryan T. Martin, Ludmila P. Camargo and Stephen A. Miller  Green Chemistry, 2012, 00, 1-3 



PHA, PHB, PHO 
Corn sugars are fed into commercial fermentation systems 
where a proprietary strain of microbes digest the sugar and 
produce Polyhydroxyalkanoates, or PHA. PHA is an 
intracellular byproduct of the bacteria, meaning the bacteria 
actually create the plastic within their cells. The PHA is then 
harvested through the destruction of the bacteria and is 
separated from the microbial cell matter and formulated into 
Mirel resin. 

 18 

   

FIGURE 5. EXAMPLES OF PLA/INGEO PRODUCTS: WORLDCENTRIC CUP, WORLDCENTRIC CUTLERY, SUNCHIPS BAG 

 

POLYHYDROXY FATTY ACIDS (POLYHYDROXYALKANOATES, OR PHA) 

Polyhydroxy fatty acids are the basis of a bioplastic made from the anaerobic digestion of starch. The 
predominant manufacturer of PHA at this time is Tellus, which is a joint venture between Archer Daniels 
Midland Company and Metabolix.  Tellus currently has capacity to produce 110 million pounds per year 
of Mirel at their plant in Clinton, Iowa.  A second similar plant is currently under development.  Tellus 
markets their product under the brand name Mirel.  Much like NatureWorks PLA, Mirel is currently 
produced from corn derived starch.   

However, in the case of Mirel, the corn sugars are fed into commercial fermentation systems where a 
proprietary strain of microbes digest the sugar and produce Polyhydroxyalkanoates, or PHA.  PHA is an 
intracellular byproduct of the bacteria, meaning the bacteria actually create the plastic within their cells. 
The PHA is then harvested through the destruction of the bacteria and is separated from the microbial cell 
matter and formulated into Mirel resin. 

Mirel is currently available for a number of end-uses including food related and agricultural compostable 
plastic products.  Mirel is unique in the marketplace because in addition to being compostable, in some 
instance Mirel can also pass ASTM D7081 which is the standard specification for marine degradability. 

Examples of Mirel Products shown in Figure 6 include BioTuf compostable bags Target gift and 
SoilWrap compostable potting containers  

   

FIGURE 6. EXAMPLES OF MIREL/PHA PRODUCTS: BIOTUF BAGS, TARGET GIFT CARDS, SOILWRAP CONTAINER 

Compostable Plastics 101 California Organics Recycling Council 2011



TPS, Cellulose, Cellulose acetate, Starch blends 

Much like PLA, or PHA, thermoplastic begins its life as starch. 
But instead of fermenting the starch, thermoplastics take 
advantage of starch plastic like polymer nature. The starch is 
first heated to destroy, or open up its inherently weak polymer 
structure. Then the starch is blended with complexing agents 
which are other polymers that reform with the starch creating 
a stronger biobased plastic.



Polymer Name Source/Feedstock 
capacity 
(Kt/Year)

Sustainable end- of-life 
options 

Bio-PE Bioethanol from sugarcane 200 MR

Bio-PET 
Furan dicarboxylic 560 acid from 
HMF's 560 MR, CR, ED 

Bio-PTT 1, 3-propanediol 45 45 MR, CR 

Bio-PEF HMF's -- ED

Bio-PP Isobutanol -- MR

Bio-PA Volatile fatty acids, HMF's -- MR, CR

Bio- polycarbonates 

Bioethanol/dialkyl - 
carbonate/epoxides and carbon-
dioxide -- CR

Bio-based and non-biodegradable polymers 

AD-Anaerobic Digestion; MR- Mechanical Recycling; CR-Chemical/catalytic Recycling; 
ED- Enzymatic depolymerisation; IC- Industrial composting HC- Home composting 

Rameshkumar, S., Shaiju, P., O’Connor, K. E., & Babu P, R. (2019). Bio-based and biodegradable polymers - State-of-the-art, Challenges and Emerging Trends. 
Current Opinion in Green and Sustainable Chemistry. doi:10.1016/j.cogsc.2019.12.005



Bio-Polyethene

Bio-Polyethene is considered a 
“Drop in replacement” for 
petroleum based PE and can be 
recycled, but not composted.
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Asia is the major production hub in the world (45%), followed by Europe (25%), North America
(18%) and South America (12%). The land used for the renewable feedstock for the production of
bio-plastics actually comprises 0.016% of the total agricultural land, corresponding to 0.79 million
hectares out of 4.8 billion hectares. 97% of those hectares are dedicated to pasture (3.3 billion hectares),
feed and food (1.24 billion hectares), and others such as material uses (106 million hectares) and biofuels
(53 million hectares). Despite the growing production of bio-plastics, in 2024 the land dedicated to
them will reach a value of 0.021%, corresponding to 1.00 million hectares, highlighting even more the
absence of competition between renewable feedstock used for the production of plastics and that used
for food and feed [9].

3. Bio-Based Polyethylene (Bio-PE)

Thanks to its great performance, PE is the largest polymer used in the world. The starting
monomer used for synthesis is ethylene, which is also the case for other polymers such as PVC and PS,
and it is generally obtained from petroleum feedstock by distillation. However, great interest is now
being shown to obtain this polymer from biological resources, and, as of now, the followed approach
has been to synthetize the ethylene monomer by dehydration of bio-ethanol, obtained from glucose,
following the general scheme reported in Figure 6:
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The glucose could be obtained from di↵erent biological feedstocks, such as sugar cane, sugar beet,
starch crops coming from maize, wheat or other grains and lignocellulosic materials. When starting
from sugar cane, for example, processes like cleaning, slicing, shredding and milling are used to obtain
the main sugar cane juice product and the sugar cane fiber by-product (bagasse). The juice, containing
12–13% of sucrose, is anaerobically fermented in order to obtain ethanol. The ethanol is distilled
in order to remove water, giving an azeotropic solution of hydrous ethanol, at 95.5 vol.-%, and a
by-product named vinasse. The subsequent polymerization of the ethylene monomer obtained this
way is the same that is followed when using ethylene derived from petroleum, and the corresponding
bio-polymer is identical in its chemical, physical, mechanical properties to fossil-based PE, also with
regards to the mechanical recycling processes [27]. From polymerization, di↵erent types of bio-PE
could be obtained: bio-HDPE with a low degree of short-chain branching (about seven branches per
1000 C atoms), bio-LLDPE with a high degree of short-chain branching and bio-LDPE with a high
degree of short-chain branching + long-chain branching (about 60 branches per 1000 C atoms). For a
better understanding of this, Figure 7 shows the chemical structures of such polymers:Polymers 2020, 12, x FOR PEER REVIEW 7 of 17 
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the filler and the polyolefin matrix. The use of fine cellulose microparticles and tu↵microparticles,
which are the easiest to process, showed a higher elongation at break and a lower water uptake.

4. Bio-Based Polypropylene (Bio-PP)

After ethylene, propylene is the most important organic building block for poly-olefin production.
PP is the second most important polymer after PE [40]. Bio-PP could be obtained from biological
resources by butylene dehydration of bio-isobutanol obtained from glucose and subsequent
polymerization, following the general scheme reported in Figure 8:
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With respect to the production of Bio-PE, the process followed to obtain bio-PP has been less
explored, which explains why bio-PP has not yet been commercialized. As for bio-PE, the first company
that produced Bio-PP on a pilot-plant scale was Braskem, but their process route is still confidential. The
most promising route to obtain propylene is probably through methanol, further processed to obtain
propylene monomer via Lurgi’s methanol-to-propylene (MTP) process or UOP’s methanol-to-olefins
process [32], using the same industrial plants as for petrochemical methanol.

As reported by Chen and Patel [41], another route could be the production of 1,2-propanediol or
acetone through fermentation and a further conversion to 2-propanol by dehydration to propylene.

5. Bio-Based Polyethylene Terephthalate (Bio-PET)

Polyesters represent a large group of polymers that have the potential to be produced from
bio-based feedstocks [42,43]. The most relevant for a shift towards bio-based chemicals are PET,
PBT, PBS, PBA and the copolymers PBAT, poly(butylene succinate-co-lactate) (PBSL), poly(butylene
succinate adipate) (PBSA) and poly(butylene succinate terephthalate) (PBST), but also polyvinylacetate
(PVAc), polyacrylates, poly(trimethylene naphthalate) (PTN), poly(trimethylene isophthalate) (PTI) and
thermoplastic polyester elastomer, as reported by the European Bioplastic Report [9]. Those polymers
are produced from a bio-based diol, while diacid or diester could be either bio-based (like succinic or
adipic acid) or petrochemical-based (like PTA and/or di-methyl terephthalate, DMT).

Among them, PET is the largest used polyester, with physical and mechanical properties that
make it suitable to be used for fibers (65%) and packaging (35%) applications. This last application
regards bottles (76%), containers (11%) and films (13%). It plays an important role in the plastic market,
but due to its poor sustainability due to a much slower degradability, it poses serious environmental
issues, especially for waste treatment, when it is used for short time applications, as for example
when it is employed as food packaging. It was first commercialized in 1940, especially for synthetic
fibers and film applications. From 1970 onwards, it was used to produce bottles, with a continuous
growing development. Since 2010, in order to realize a sustainable plastic, both starting chemicals
such as ethylene glycol (EG) and PTA and/or DMT monomers have to be obtained from biological
sources [44–47]. The general scheme of synthesis is reported in Figure 9:

Polypropylene is often used to make more durable goods, this would lead to more carbon 
sequestration. PP is also highly recyclable. 

Siracusa, V. and Blanco, I., 2020. Bio-Polyethylene (Bio-PE), Bio-Polypropylene (Bio-PP) and Bio-Poly (ethylene terephthalate)(Bio-PET): Recent Developments in Bio-
Based Polymers Analogous to Petroleum-Derived Ones for Packaging and Engineering Applications. Polymers, 12(8), p.1641.
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Polyesteracetal (PEA) copolymers of 1,3-dioxolan-4-one 

(DOX) with L-lactide (LA) were synthesized via ring-

opening polymerization (ROP). Facile degradability in 

distilled water or seawater was observed—presumably via 

hydrolysis of the main-chain acetal functionality.  Over 45 

days, mass loss approached 2% and molecular weight loss 

(Mn) exceeded 15%; control experiments with polylactic 

acid (PLA) indicated no degradation. 

Throughout the 20th century, commodity thermoplastics were 
almost exclusively derived from non-renewable fossil fuels and the 
industry has been driven by two main factors:  cost and utility.  In 
the 21st century, however, there is a strong push for a more 
responsible and holistic approach to plastics—an approach that 
includes a greater emphasis on the sources from which plastics are 
derived, as well as the ultimate fate of the materials after their useful 
lifetime is exhausted.  In other words, modern sustainable plastics of 
the 21st century and beyond must be considered in terms of a green 
birth, a functional and effective life, and a green death.  

Polylactic acid (PLA) has arguably enjoyed the most commercial 
success as a sustainable thermoplastic.1  PLA has several drawbacks, 
however.  It suffers from a low glass transition temperature (ranging 
from about 45° to 55° C) relative to petroleum-based counterparts 
(e.g., 65–70 °C for polyethylene terephthalate and 95–100 °C for 
polystyrene).2  For this reason, it is common to see disposable cups 
made of PLA marked “FOR COLD BEVERAGES ONLY”.  
Nevertheless, this disadvantage is outweighed by the facts that PLA 
can be made from sustainable resources, most commonly corn, and it 
is believed to possess the ability to degrade on a shorter timescale 
than traditional thermoplastics.  While PLA is more amenable to 
degradation pathways than traditional hydrocarbon-based 
thermoplastics, the mechanisms by which it can degrade are limited, 
and are best done under very controlled circumstances, such as  
 
The George and Josephine Butler Laboratory for Polymer Research, 
Department of Chemistry, University of Florida Gainesville, Florida 
32611-7200, USA. Fax: +1-352-392-9741; Tel: +1-352-392-7773;  
E-mail: miller@chem.ufl.edu 
†Electronic Supplementary Information (ESI) available: Synthetic details 
and complete polymer characterization data. See DOI: 10.1039/b000000x 

 

industrial composting, which requires enzymatic biodegradation 
(Scheme 1).3 Left to degrade on its own in anaerobic landfill 
leachate or marine conditions, it is questionable whether PLA will 
degrade appreciably faster than traditional fossil fuel-based 
polymers, such as polyethylene.4  Improvements to this limited 
degradation behaviour would transfigure PLA into a completely 
sustainable polymer with a green birth and a green death. 
 

 

Scheme 1  The full lifecycle of polylactic acid (PLA) generally 
relies upon enzymatic biodegradation.   

 
We sought to install an abiotically hydrolyzable functional group 

into the main-chain of PLA and targeted the acetal functional group 
because of our prior experience with polyacetals5 and the ubiquity of 
the acetal group in nature.  Indeed, it is the most prevalent monomer 
connecting group on earth since it links the glucose units of the most 
abundant polymer, cellulose.  Intent on a ring-opening 
copolymerization with lactide strategy, we pursued the 5-membered 
heterocycle 1,3-dioxolan-4-one (DOX),6 which bears both the ester 
and acetal functional groups.  We synthesized this oxa-lactone from 
formaldehyde and glycolic acid which, in turn, can be made via 
hydrocarboxylation of formaldehyde with carbon monoxide,7 both 
potentially renewable C1 feedstocks.8 Alternatively, several catalysts 
have been described that produce 1,3-dioxolan-4-one directly from 
formaldehyde and carbon monoxide (Scheme 2).9  
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Table 1. Polymerization and Characterization Data for Polyesteracetals from 1,3-Dioxolan-4-one (DOX) and L-Lactide (LA).a 

Entry DOX:LA 
feed 

DOX:LA   
incorporation [M]:[I] Yield (%) Mn

b Mw
b PDI Tm(ºC)c Tg(ºC)c 

1 0:100 0:100 500:1 93 26,300 53,500 2.04 174 44 
2 10:90 4:96 500:1 91 64,100 100,200 1.56 157 51 
3 20:80 10:90 500:1 85 36,300 53,700 1.47 152 52 
4 30:70 19:81 500:1 76 27,400 41,400 1.51 139 49 
5 40:60 25:75 500:1 68 20,800 32,000 1.54 120 42 
6 50:50 36:64 500:1 51 10,000 14,100 1.40 116 42 
7 60:40 n.d. 500:1 49 n.d. n.d. n.d. 104 41 
8 100:0 100:0 500:1 10 n.d. n.d. n.d. 217 -- 
9 100:0 100:0 50:1 37 n.d. n.d. n.d. 189 7 

10 100:0 100:0 10:1 70 n.d. n.d. n.d. 186 3 
a Polymerization conditions: 24 hrs at 100°C in toluene using the stated [monomer]:[initiator] ratio with tin(II)ethyl hexanoate/benzyl alcohol 
as the initiating system.   bMolecular weights determined by GPC using polystyrene standards.  DOX homopolymers were not soluble in the 
GPC solvent (THF) and thus molecular weight data was not determined (n.d.).  cThermal data determined by DSC.

 

Scheme 2 Cyclic esteracetal 1,3-dioxolan-4-one made from 
sustainable or non-sustainable C1 feedstocks. 
 
 Standard10 and proprietary11 ring-opening polymerization 
(ROP) initiators are effective for the copolymerization of 1,3-
dioxolan-4-one with lactide, installing the esteracetal functional 
group that is essentially absent from the polymer literature 
(Scheme 3).12  Table 1 tabulates our series of polyesteracetals 
with variable amounts of incorporated DOX comonomer.13  
The persistence of the acetal functional group—which can 
conceivably be lost via formaldehyde extrusion during 
polymerization—is readily verified and quantified by 1H NMR 
(see the Electronic Supplementary Information).  The DOX 
incorporation/feed quotient increases somewhat from 40% to 
70% with increasing feed (Table 1, entries 2–6), but never 
reaches unity, indicating some relative reluctance of DOX 
toward ring-opening polymerization. 

 

Scheme 3 Copolymerization strategy for synthesizing the 
polyesteracetal (PEA) copoly(lactide/1,3-dioxolan-4-one). 

  
 Entries 1–7 of Table 1 confirm the anticipated result that 
comonomer incorporation diminishes the polymer melting 
temperature (Tm), which ranges from 174 °C for the PLA 
homopolymer to 116 °C for the polyesteracetal with 36 mol% 
acetal incorporation.  The comonomer is apparently functioning 
as a defect in this trend.  Less anticipated is the result that small 
amounts of acetal incorporation—4 mol% (Table 1, entry 2), 10 
mol% (Table 1, entry 3), or 19 mol% (Table 1, entry 4)—effect 
an increase in the polymer glass transition temperature (Tg) 
compared to that of the homopolymer.  For 4 mol%, 10 mol%, 
and 19 mol%, the Tg values were measured as 51 °C, 52 °C, 
and 49°C, respectively, compared to that similarly measured for 
our homopolymer of PLA, 44 °C.  Such an increase in Tg is 
rare,14 but would be expected for comonomers with substantial 
conformational rigidity.2,15  Indeed the acetal functional group 
imposes such rigidity via anomeric interactions.  In this case, 
the esteracetal functional group can engage two specific 
anomeric interactions with oxygen lone pair donations into the 
σ* of an adjacent C–O bond and into the σ* of an adjacent C–
C(O) bond. Similar anomeric interactions are responsible for 
the observed preference of the gauche conformation over the 
trans conformation by 2.5 kcal/mol in polyoxymethylene5b,16—
far surpassing the ground state difference of 0.08 kcal/mol for 
the two lowest energy conformations in ordinary PLA.17 
 The comparative reluctance of 1,3-dioxolan-4-one (DOX) 
to copolymerize was probed computationally and ring-strain 
appears to play an important role.  Figure 1 depicts the gas-
phase thermodynamics for the ROP of DOX and γ-
butyrolactone (BL), the simple lactone analogue of DOX.  The 
enthalpy of polymerization is approximated by insertion of the 
heterocycle into the carbonyl-oxygen bond of methyl acetate 
and comparing the corresponding heats of formation, as 
determined by the G3(MP2) computational method.  The five-
membered rings are relatively stable and when including the 
entropic penalty of polymerization (circa 9 kcal/mol) exhibit a 
positive (endergonic, unfavourable) free energy of 
polymerization at room temperature.18  The unfavourable 
polymerization enthalpy of BL can be offset by the favourable 
polymerization enthalpy of LA and 50:50 copolymers of BL 
and LA are readily achieved.18  A similar phenomenon appears 
operative for DOX and allows for DOX:LA copolymers with 
substantial (36%) DOX incorporation (Table 1, entry 7). 
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weight (GPC, also after rinsing and drying).  Analysis revealed that 
the polyesteracetal copolymer decomposed appreciably with more 
than 1% mass loss occurring over 45 days (Figure 2a), and 35% 
molecular weight loss (Mn) over the same time period (Figure 2b).  
In contrast, films of PDLLA showed no appreciable degradation 
over the 45-day study. The Ingeo essentially behaved as an inert 
control in our comparative experiment.   

Similar experiments conducted in pH 5 water, pH 7 water 
(distilled water), and seawater (Atlantic Ocean, pH = 7.5) showed 
that the polyesteracetal copolymer decomposed under slightly acidic, 
neutral, and slightly basic conditions (Figure 2).  In pH 7 water, the 
polyesteracetal copolymer degraded with nearly 2% mass loss and 
more than 15% molecular weight loss (Mn) over 45 days.  Films of 
PDLLA showed no appreciable degradation over the 45-day study 
under these conditions.  Interestingly, the polyesteracetal copolymer 
showed the most rapid degradation by mass under neutral conditions, 
yet molecular weights decreased most precipitously under highly 
acidic conditions.  The mechanism for this phenomenon is a topic for 
additional study.   

The SEM images of Figure 3 further illustrate the water-
degradability conferred by the acetal functional group.  Figures 3a 
and 3d depict the relatively smooth surfaces of poly(DL-lactide) 
(PDLLA)  and the polyesteracetal (DOX = 4 mol%), respectively, 
immediately following sample preparation.  Figures 3b and 3c depict 
the fate of PDLLA after exposure to aqueous pH = 7 and pH = 1 
conditions, respectively, for 45 days.  Note that very little change in 
the surface roughness can be discerned under these conditions.  
Figures 3e and 3f depict the appearance of the polyesteracetal after 
being subjected to aqueous pH = 7 and pH = 1 conditions, 
respectively, for 45 days.  While little surface change is found for the 
pH = 7 conditions, the surface erosion at pH = 1 for the 
polyesteracetal is substantial and sharply contrasts with the 
unperturbed outcome for PDLLA under identical conditions (Figure 
3c).  Indeed, the presence of the esteracetal functional group in the 
main-chain facilitates surface degradation, often a critical first step 
in polymer decomposition.22  

Presumably, the hydrolytic degradation occurs at the acetal 
group or possibly at the glycolic ester group, which is sterically less 
hindered than the native lactic ester groups.  It seems likely that 
formaldehyde is an eventual by-product of degradation.  While there 
are concerns about adverse health effects of this molecule,23 it 
should be considered that the human body makes about 50 grams of 
formaldehyde per day24 allowing for the presence of formaldehyde 
in every human cell, in human blood at 2.5 ppm, and in human 
breath from 4.3 to 73 ppb.25  Moreover, the half-life of blood plasma 
formaldehyde is 1.5 minutes23 and that of atmospheric formaldehyde 
in daylight is 50 minutes.26 Formaldehyde is already ubiquitous at 
low concentrations and the degradation rates of these PEA polymers, 
measured in months and years, should not lead to significantly 
increased exposure to formaldehyde.  Put another way, a 10 gram 
bottle made of 4 mol% DOX PEA could emit 85 mg of 
formaldehyde, the equivalent amount found in nine pears.27  Thus, 
the incorporation of the acetal functional group into PLA should 
have net environmental benefits because the enhanced rate of 
degradation can prevent long-term accumulation of this plastic in the 
environment.  

Conclusions 
The acetal functional group has been incorporated into the main 

chain of polylactic acid (PLA) via ring-opening copolymerization of 
lactide and the oxa-lactone, 1,3-dioxolan-4-one.  This comonomer 
was prepared by condensation of glycolic acid and formaldehyde,  

 

Figure 3  Under various aqueous conditions, surface erosion over 45 
days is insignificant for poly(DL-lactide) (PDLLA) but is quite 
conspicuous for the polyesteracetal  (4% DOX) when pH =1.  

 
the final step along a conceptual pathway employing C1 feedstocks 
from biomass:  methanol, formaldehyde, and carbon monoxide.  The 
presence of the acetal functional group, even at just 4 mol% 
abundance, substantially altered the properties and behaviour of the 
PLA.  For example, it increased the glass transition temperature of 
PLA for acetal incorporations in the range of 4 mol% to 19 mol%.  
Facile degradation of the polyesteracetal was observed in aqueous 
media over 45 days, including pH = 1, pH = 5, pH = 7 (distilled 
water), and seawater (pH = 7.5).  Mass loss, molecular weight loss, 
in addition to surface erosion (by SEM, for pH = 1), were observed 
for the polyesteracetal (DOX = 4 mol%), whereas PLA showed no 
measurable change under these conditions.  

The polyesteracetals described herein are designed to have 
thermal properties similar to those of PLA homopolymer, yet 
undergo more facile main-chain hydrolysis via simple water 
degradation under abiotic conditions.  Thus, enzymatic hydrolysis is 
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Plastic Precursors from Algae

can readily be converted to methyl ethyl ketone, a fuel additive and
solvent (Tran and Chambers, 1987). 23BD can be synthesized in 7942
by the condensation of two pyruvate molecules, followed by dec-
arboxylation and reduction, all through heterologously expressed genes
(Oliver et al., 2013). Direct transfer of this system from E. coli to 7942
indicates that enzyme activity in E. coli is not predictive of enzyme
activity in 7942, as some highly active enzymes in E. coli were entirely
inactive when expressed in 7942 (Oliver et al., 2013). The initial 23BD

pathway constructed in 7942 showed expression of a repressed gene
even in the absence of the inducer molecule (Nozzi and Atsumi, 2015;
Oliver et al., 2013). These di!erences were not seen in E. coli (Nozzi and
Atsumi, 2015). Identi"cation of native cyanobacterial promoters in the
heterologous genes of the 23BD pathway explain these di!erences;
reordering of these genes to avoid constitutive expression recti"ed the
function of the LacI repression system (Oliver and Atsumi, 2015). Ad-
ditionally, optimizing ribosomal binding sites within the 23BD pathway
(Oliver et al., 2014), and development of a carbon sink to draw carbon
away from the Calvin-Benson (CB) cycle and increase CO2 "xation
(Oliver and Atsumi, 2015) improved photoautotrophic 23BD produc-
tion. These improvements exemplify areas where tools in E. coli require
redesign to align their function with features of photoautotrophic me-
tabolism, or di!erences in transcription or translation unique to cya-
nobacteria.

23BD production from CO2 alone has limitations. Titers are still far
below what is achievable for similar chemicals in heterotrophic growth,
such as the production of 30 g/L of 1-butanol in E. coli (Shen et al.,
2011). Additionally, photoautotrophic growth in a commercial setting
is limited to ~12 h of sunlight available in a given day. During un-
lighted hours, growth and chemical production cease (Matson and
Atsumi, 2017). By the addition of heterologous sugars and expression of
galP, encoding a hexose symporter, 7942 can grow using both CO2 and
added sugars, such as glucose and xylose (McEwen et al., 2013). Ad-
ditionally, this photomixotrophic growth permits continued 23BD
synthesis is both light and dark conditions, and in continuous light
culturing, 3 g/L 23BD can be produced over 10 days (McEwen et al.,
2016). While these improvements are signi"cant, glucose utilization
remains ine#cient in these conditions, suggesting that higher titers can
be achieved through optimization (McEwen et al., 2016). Global me-
tabolic rewiring of these strains for improved CO2 "xation increases
23BD titers, glucose utilization e#ciency, and carbon "xation in both
lighted and diurnal conditions (Kanno et al., 2017). This involves
overexpressing oxidative pentose phosphate (OPP) pathway genes in
order to direct exogenous glucose toward the CB cycle, as well as the
deletion of cp12, a gene encoding a regulator protein for the CB cycle
(Fig. 2). These modi"cations deregulate CO2 "xation, and in photo-
mixotrophic conditions (CO2 and glucose), improve CO2 incorporation
in 23BD from 35% of constituent carbon to 50% (Kanno et al., 2017).
Under continuous lighting, rewired 7942 produces 12.6 g/L 23BD

Table 2
Cyanobacterial chemical production discussed in this review.

Strain Compound Titer (g/L) References

2973 sucrose 3.3 Song et al., 2016
6803 3-hydroxypropionic acid 0.8 Wang et al., 2016b

ethanol 5.5 Gao et al., 2012
isobutanol 0.6 Miao et al., 2017
lactic acid 0.8 Angermayr et al., 2014
limonene 0.007 Lin et al., 2017

7002 2,3-butanediol 1.6 Nozzi et al., 2017
alpha bisabolene 0.0006 Davies et al., 2014
fatty acids 0.1 Ru#ng, 2014
glycogen 1.8 Aikawa et al., 2014

3.0
3.5

limonene 0.004 Davies et al., 2014
lysine 0.4 Korosh et al., 2017
mannitol 1.1 Jacobsen and Frigaard, 2014
poly-3-hydroxybutyrate 0.05 Zhang et al., 2015

7942 2,3-butanediol 3.0a McEwen et al., 2016
5.7b Kanno et al., 2017
12.6a

alpha-farnesene 0.005 Lee et al., 2017b
ethanol 0.07 Deng and Coleman, 1999
fatty acid ethyl esters 0.01 Lee et al., 2017a
isobutyraldehyde 1.1 Atsumi et al., 2009
isoprene 1.3 Gao et al., 2016
limonene 0.005 Wang et al., 2016a
squalene 0.05 Choi et al., 2017
succinate 0.4 Lan and Wei, 2016

7.3 Li et al., 2016b
sucrose 2.6 Ducat et al. 2012

0.8 Weiss et al., 2017

a Photomixotrophic production under continuous lighting.
b Photomixotrophic production under diurnal lighting.

Fig. 2. Outline of the Calvin-Benson cycle and the oxida-
tive pentose phosphate pathway. Abbreviations:13BPGA,
1,3-bisphosphoglycerate; 3PGA, 3-phosphoglycerate;
6PGL, 6-phosphogluconate; ATP, adenosine triphosphate;
DHAP, dihydroxyacetone phosphate; E4P, erythrose-4-
phosphate; F16BP, fructose-1,6-bisphosphate; F6P, fruc-
tose-6-phosphate; G1P, glucose-1-phosphate; G3P, glycer-
aldehyde-3-phosphate; G6P, glucose-6-phosphate; R5P,
ribose-5-phosphate; Ru15BP, ribulose-1,5-bisphosphate;
Ru5P, ribulose-5-phosphate; S17BP, sedoheptulose-1,7-
bisphosphate; S7P, sedoheptulose-7-phosphate; Xu5P, xy-
lulose-5-phosphate; GAPDH, glyceraldehyde phosphate
dehydrogenase; GND, 6-phosphogluconate dehy-
drogenase; PRK, phosphoribulokinase; RuBisCO, ribulose-
1,5-bisphosphate carboxylase/oxygenase; ZWF, glucose-6-
phosphate dehydrogenase.
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Fig. 1. Outline of metabolism and metabolic engineering in cyanobacteria. Boxed chemicals 
are discussed in this review. Abbreviations: 23BD, 2,3-butanediol; 3HB, 3-hydroxybutyrate; 
4HB, 4-hydroxybutyrate; DMAPP, dimethylallyl pyrophosphate; F6P, fructose-6-phosphate; 
FAEE, fatty acid ethyl ester; FPP, farnesyl pyrophosphate; GPP, geranyl pyrophosphate; 
G3P, glyceraldehyde-3-phosphate; IPP, isopentenyl pyrophosphate; MEP, methylerythritol 4-
phosphate; TCA, tricarboxylic acid.

Carroll, A.L., Case, A.E., Zhang, A. and Atsumi, S., 2018. Metabolic engineering tools in model cyanobacteria. Metabolic engineering, 50, pp.47-56.

Synechocystissp. PCC 6803, Synechococcus elongatus PCC 7942, 
Synechococcussp. PCC 7002, Synechococcus elongatusUTEX 2973
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Figure 2

Schematic illustration of factors impacting sustainability of PHA 
production 

Algae

!

carbon source [!", !#], which is significantly above the other reported values 
from literature. The strain had been subjected to UV light mutations to increase 
the PHB productivity. Prior to that work, the thermophilic cyanobacterium, 

Figure 1. 
PHB granules in cyanobacteria. Left: Wild type. Right: Mutant (reproduced with permission from [22]).

Table 4. 
Compounds that could be produced by cyanobacteria (reproduced with permission from [26]).

!
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Cyanobacteria for PHB Bioplastics Production: A Review

Synechococcus sp. MA!", was reported to have achieved #$% of dry cell weight 
PHB [#"]. It was reported that, originally, the MA !" was isolated from a hot 
spring in Japan (Miyakejima). However, neither the authors of this paper nor 
other researchers [&'] were able to obtain a sample from that strain in #'!(–#'!), 
despite high efforts, so currently, Kamravamanesh’s strain Synechocystis sp. PCC 
($!* can be considered the cyanobacterium with the highest PHB content. A 
high PHB content is advantageous for downstream processing in terms of energy 
efficiency, for instance, or product quality.

Genetic engineering is commonly deployed to increase the yield of PHB 
compared to wild types [#(, &!, &#]. Also, bioprocess optimization is carried 
out [#$, #)]. Growth is typically followed by nitrogen and/or phosphorous 
limitation.+Also, “feast and famine” strategies concerning the carbon source are 
applied [&&].

Reference [&*] discusses the use of consortia of cyanobacteria and heterotrophic 
bacteria for stable PHB production.

The modeling of cyanobacterial PHB production is discussed in [&,].
A possible growth system for PHB from cyanobacteria is presented in [!)], see 

Figure " below.
The study in [!)] uses long-term, non-sterile cultivation of Synechocystis sp. 

CCALA!"#+in a tubular photobioreactor for PHB production. Another concept 
would be open pond photobioreactors like open pond raceways. Different photobio-
reactor setups are reviewed in [!), &(–&"]. A promising alternative is an integrated 
algae-based biorefinery, e.g., for the production of biodiesel, astaxanthin and PHB 
as presented by [*'] or [*!].

#. PHB production by cyanobacteria: an outlook

A major unsolved issue is the downstream processing of the cyanobacteria, i.e., 
how to get the bioplastics material out of the cyanobacteria (see Figure $).

In Ref. [#&], photomixotrophic conditions to increase cyanobacterial produc-
tion rate and yield are reviewed. Supplementation with fixed carbon sources 
gives additional carbon building blocks and energy to speed up production. 
Photomixotrophic production was found to increase titers up to fivefold over 
traditional autotrophic conditions [#&], so there is a strong future potential in this 
mode for cyanobacteria.

Figure 2. 
Operation mode for PHB production from cyanobacteria. The ripening tank is used for PHB production at a 
later stage, where no CO2 is consumed, but glycogen gets converted into PHB (reproduced with permission from 
[18]).
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Where do we use bioplastics?

Global production capacities of bioplastics 2018 (by market segments) 
(European Bioplastics 2014)
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