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Synthesis of polyenaminones and their environmental impact assessment

Abstract:
The aim of the work was to study the synthesis of polyenaminones, polymers that are
insoluble in water but with the ability to be chemically recycled. After overview of
various pathways of synthesis, their environmental impact regarding the biodegradability
that they would present in natural waters was studied. European legislation related to this
area and protocols of waste recovery options were analysed. Finally, a simple life cycle
assessment of selected polyenaminone was carried out.
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1 Introduction
All over the world there is an enormous chemical industry with a large variety of products,
substances and processes. Between them, polymers have a broad range of properties
which make them useful and essential in everyday life. However, this huge industry
entails a very big impact to the environment and its evolution. Air, soil and water’s
pollution causes the destruction of ecosystems and collaborates with the extinction of
animals and plants. Moreover, greenhouse gases are also a danger for the future of the
planet due to de damage that they cause to the ozone layer and the subsequent increasment
of the temperature. Ice caps of the poles are melting and sea level is increasing, so human
race is living a situation of emergency and the industry has a crucial role to decrease the
pollution.
Thus, one of the main current environmental issues is the need of the development of new
polymers that are able to be efficiently recovered, reaching closed-loop life cycles and
therefore decreasing this industry's pollution and environmental impact. Otherwise,
polymers that may finish in the environment and haven’t been recovered need to be able
to be degraded by microorganisms that are naturally present. Polymers that remain for
years in ecosystems as waste represent a serious hazard for the biodiversity and also for
the landscape.

1

2

2 Purpose of the work
The main topic of this research work is to assess the environmental impact of selected
polymers to the environment in terms of biodegradability in aquatic compartments.
Polymers’ variety is huge, so this work is being focused firstly on polyenaminones. This
first part is related with organic chemistry and polyenaminones synthesis. When
polyenaminones preparation is finished, the fate in aquatic compartments will be
predicted and evaluated, concluding if they can cause damage to aquatic ecosystems and
how is it possible to know the extent of it. Moreover, chemical recyclability of polymers
(and specially of polyenaminones) is going to be exposed and studied, concluding how
the recycling process can be carried out and how it helps to the environment. All
polyenaminone’s information is extracted from scientific articles in which experiments
of synthesis, recycling and hydrolysis are carried out.
After the analysis of polyenaminones, the environmental part takes place evaluating how
the type of polymer is related to its environmental impact in terms of biodegradability.
There, coventional types of polymers are studied and also environmentally-friendly
polymers, either biobased or biodegradable (or both). Then, the work continues in terms
of EU legislation and standarized methods for the determination of parameters such as
biodegradability and toxicity, which are indispensable for the environmental impact
assessment.
The extensive overview of European legislation, focused on persistence, bioaccumulation
and toxicity analysis (Annex XIII) of the substances was accomplished. It is focused on
how and when chemical products that may have one or more of these properties have to
be managed and also the different possibilities for testing. At the end, the management of
the waste polymer materials is evaluated with different alternatives, focusing on the
different ways of recycling and eventually landfilling as the last option for them.
Finally, the Life Cycle Assessment (LCA) in the case of polyenaminone’s production will
be carried out. In this final part, each step of 1 kg of polyenaminone’s life cycle is
analysed in aspects of inputs and outputs, since their synthesis until the waste
management and its different possibilities.
With this research work, knowledge acquired during the bachelor study of chemical
engineering is put into practice to finish the degree and to get closer to the future
profession.
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3 Literature review
3.1 Polyenaminones
3.1.1

Definition and theoretical background

At the present times, advanced countries have a modern way of lifestyle in which
synthetic polymeric materials are indispensable. A polymer is a large molecule formed
by the repetition of a subunit called monomer. Polymers have a wide range of
applications: from plastics synthesis to proteins and other biological applications. Their
main properties are large molecular mass, unique physical properties such as elasticity or
toughness and tendence to form glasses and semicrystalline substances [1].
Polymers are obtanied from polymerization, a process in which they are created through
the chemical connection of the monomers. It can take place in different ways and
following different mechanisms (catalyzed or non-catalyzed, radical or ionic, addition or
condensation, etc). The final product of polymers synthesis has to be a covalently bonded
chain or network, compounded by the monomers repetition.
With new structures, humanity obtains new synthetic materials with unique properties.
Although they bring an improvement in lifestyle and industry, polymers may be harmful
to the environment as waste. A big part of them are used to make plastics, very important
materials because of their utility and their impact in nature. The main problem of the
plastics is their low biodegradability, i.e. their lack of capacity of being degraded by
microorganisms, which makes them to persist in the environment for a very long time.
Therefore, new recyclable polymers with closed-loop life cycles are needed to minimize
the ecological footprint of plastics.
As possible replacements for non-recyclable materials, vitrimers have recently arisen.
These polymers consist of covalent networks, which are able to change their topology by
thermally activated bond-exchange reactions. So, depending on their composition, they
can be elastic and soft, or strong and hard [2].
These dynamic covalent networks allow chemical recyclability with the recovery of the
monomer building blocks. Polyenaminones have this property and are also degradable
under mild conditions by hydrolysis with strong acids [2].
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3.1.2

Synthesis and preparation

First of all, the main compounds used in polyenaminone’s synthesis are called by numbers
(1-5) and letters (a-c). The number is a reference of the compund and the letter indicates
a specific molecular structure, usually comprising the benzene rings substituted by the
acyl groups (ortho-, meta-, para-).
The beginning takes blace with diacetylbenzene (1), which can be:
1,3-Diacetylbenzene (1a, X=C)
1,4-Diacetylbenzene (1b, X=C)
1,4-Diacetylpyridine (1c, X=N)

Figure 1. Diacetylbenzenes 1a-c [2]

The first reaction has to be carried out in organic medium. Therefore, diacetylbencene is
dissolved in anh. xylene (other aromatic organic solvents such as toluene are also valid),
paying special attention to the required absence of water. If necessary, heating has to be
carried out, for example by refluxing in xylene. To eliminate water from the solution of
starting material in toluene, this solution is evaporated first prior to further treatment
(azeotropic removal of water). Then, the reaction is carried out under argon.
With diacetylbenzene dissolved in anh. xylene, DMFDMA (N,N-dimethylformamide
dimethylacetal) has to be added. The heater temperature has to be set sufficiently high
(150-200 °C) to enable gentle reflux of the reaction mixture. For each equivalent of
diacetylbencene, two equivalents of DMFDMA are needed, since the reaction takes place
at both acetyl groups.

6

Figure 2. DMFDMA. [2]

The reaction requres 24 hours of heating and then the bis-enaminone monomer 2 is
obtained. The product, which precipitates from the reaction mixture upon cooling, is then
collected by filtration.
The bis-enaminones can be:
(2E,2’E)-1,1’-(1,3-Phenylene)bis(3-(dimethylamino)prop-2-en-1-one) (2a):
from 1a

formed

(2E,2’E)-1,1’-(1,4-Phenylene)bis(3-(dimethylamino)prop-2-en-1-one)
from 1b

formed

(2b):

(2E,2’E)-1,1’-(Pyridine-2,6-diyl)bis(3-(dimethylamino)prop-2-en-1-one) (2c): formed
from 1c
And their structure is represented in Figure 3.

Figure 3. Bis-enaminones (2a–c) [2]

Notably, the ortho-substituted bis-enaminones 2 are not suitable, because treatment with
diamines can result in cyclisation process instead of the desired polymerization.
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Until now, the process has been focused on the preparation of monomers. The next step
is the polymerization process, which consists of an acid-catalysed transamination of bisenaminones 2 with phenylenediamines dihydrochlorides 3 (one equivalent for each
monomer). The solvent in this reaction is methanol. Phenylenediamine dihydrochloride
3 can have two structures:
m-phenylenediamine dihydrochloride (3a)
p-phenylenediamine dihydrochloride (3b)
Notably, the ortho-substituted phenylenediamines 3 are not suitable, because treatment
with bis-enaminones can result in cyclisation process instead of the desired
polymerization.

Figure 4. Phenylenediamines dihydrochlorides 3a,b [2]

After addition of phenylenediamine 3, the reaction takes place for 4 days in an orbital
shaker. After this period, finally the polyenaminone 4 is obtained as insoluble precipitate,
which is collected by filtration. Its nomenclature depends on the reagents, for example:
2𝒂 + 3𝒃 → 4𝒂𝒃

However, in the synthesis of polyenaminones, also lower oligomers such as heterotrimers
5 may also be produced. The term heterotrimer is generally applied to designate an
oligomer that is made up of three subunits of different composition. With the above
monomers, heterotrimers comprising two enaminone and one diamine unit are prepared
and isolated, whereas heterotrimers comprising two diamines and one bis-enaminone unit
are identified by MALDI-TOF. To obtain the heterotrimers 5, a 2:1 molar ratio of the
respective regents 2 and 3 has to be employed.
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The nomenclature would follow the same principle:
2𝒂 + 3𝒃 → 5𝒂𝒃

The entire process is presented in Figure 5.

Figure 5. Synthesis of polyenaminones 4 and 5 [2]
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3.1.3

Hydrolysis of polyenaminones

To determine the environmental impact of polyenaminones in terms of aquatic
biodegradability, it’s also important to know the extent of hydrolytic decomposition of
polyenaminones in water. In that case, polyenaminones could undergo chemical
degradation in water to form diamines and, most probably, the initial diketones 1 rather
than hydrolytically less stable bis-enaminones 2.
A previous study on hydrolysis of certain enaminones has shown that enaminones
normally hydrolyse easily in aqueous solutions. Molecular structure of enaminones and
polyenaminones is based on the same functional groups, so the results of these studies
can be adopted to polyenaminones as well [3].
The research concludes that enaminones have a wide range of hydrolysis rates which
depend on the medium where they are dissolved and other parameters, where the main
one studied is pH. In the aqueous medium of the environment, the pH is usually close to
7. In the experiment at this pH, most part of the tested enaminones had rate constants for
their hydrolysis, which would suppose that the reaction could take place in an aquatic
medium with environmental conditions (in a slow way). So, polyenaminones would also
hydrolize slowly in water under these conditions [3].
Polymers are usually insoluble in water due to their long hydrocarbon chains, which make
molecules apolar and therefore with low afinity to the water. Polyenaminones are
generally insoluble, but as it has been pointed out before prolonged exposure to aqueous
conditions may result in slow hydrolytic degradation to diamines and diketones. After
hydrolytic degradation, microorganisms should be able to degrade the shorter produced
molecules. This leaves polyenaminones in the middle of the path between biodegradable
and non-biodegradable, because it is known that they have the ability of undergo
depolymerization to form the starting monomer reagents in a reversible way, but under
environmental conditions the degradation process would most probably require a
substantially prolonged exposure. So, they would stay in the environment as a waste for
an undetermined period before hydrolysis takes place.
To conclude, determination of aquatic biodegradability of polyenaminones would require
performance of experimental tests using different polyenaminones and see if they are
biodegradable and how the structure of polyenaminone influences degradability. It can
be also estimated that polyenaminones won’t reach biodegradability percentage of
polyhydroxyalkanoates (PHA) or phosphino-carboxylic acid (PCA), which is higher than
60%.
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However, it would be possible for polyenaminones to reach a specific degradability
percentage, which makes them partially biodegradable.

3.1.4

Recyclability of polymers

Chemically recycling/repurposing process of polymeric materials
In the next chapter (3.2. Polymers in the environment), polymers recycling is studied as
the main way of waste polymer management. It is also exposed the need of biodegradable
polymers development, which belong to the group known as “green ploymers”. This
group includes polymers that aren’t produced with non-renewable resources (petroleum
mostly), so they are bio-based, and the polymers that are able to be degraded in the
environment. The process of biodegradation is also explained in detail in the next chapter
[4].
However, the most part of the polymers that are currently produced aren’t biodegradable.
Therefore, as it is said before, there is a need of a circular economy approach based on
chemical recycling. The recycling method would involve either a depolymerization
process, in which polymer wastes are depolymerized under controlled conditions back to
their starting feedstocks that are purified and then subsequently repolymerized to yield
virgin-quality polymeric materials, or a repurposing process in which polymer wastes are
converted to building blocks for new value-added polymeric materials (see Figure 6) [5].
The process of repurposing may take place when recycling through depolymerization is
not efficient. For example, PC (polycarbonate) materials don’t have a unique resin
identification code, or when there is presence of contaminants and residual moisture
which induces cleavages of polymer chains during the mechanical recycling (melt
processing), and leads to significant reduction in polymer molecular weight and
consequently in melt viscosity and strenght. Another relevant example would be that PET
(polyethylene terephthalate) bottles are ductile with >200% of elongation at break when
they are virgin; however, mechanically recycled PET bottles are brittle with <10% of
elongation at break [5]. Moreover, now there are two additional exposed examples of
repurposing processes.
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Figure 6. Chemical recycling of polymer wastes by depolymerization and
repurposing processes [5]

-

One-step conversion of PCs into poly(aryl ether sulfone)s (PSU)

Polycarbonate materials waste can be repurposed into value-added poly(aryl ether
sulfone) (PSU), a material with high-performance as thermoplastic and applications such
as reverse osmosis and water purification membranes. Under alkaline conditions, PC
presents descomposability to generate bisphenolate, which in the presence of a carbonate
salt participates in the polycondensation reaction with bis(aryl fluoride), at 190ºC for 18h.
Finally, conversion into PSU is reached (Figure 7). PC sources range is very wide: CDs
and other electronic devices, toys, wheels… [5]

Figure 7. Repurposing a compact disk as PC source for synthesis (disk on the
left and PSU on the right) [5]

-

Degradation of polyethylene (PE) into liquid fuels and waxes

Polyolefins, mainly PE (polyethylene) and iPP (isotactic polypropylene), are nearly two
thirds of the world’s plastics and have an inherent chemical inertness that makes
degradation a hard task, due to their strong C-C and C-H bonds.
12

Recently, it was reported that various types of PE materials can be repurposed into liquid
fuels and waxes under relatively mild conditions. With highly efficient alkane
dehydrogenation catalysts, a tandem catalytic cross alkane metathesis (CAM) process is
carried out. Finally, liquid fuels are produced, formed by dehydrogenation and
hydrogenation catalyst and olefin metathesis catalysts that are formed during the process
[5].

Figure 8. Degradation of postconsumer PE waste (plastic bottle HDPE, food packaging film
HDPE and grocery shopping bag HDPE and LLDPE) into oils. [5]

Otherwise, the other option is chemical recycling through depolymerization and later
repolymerization. The main difference is that now the aim is to obtain the same product,
yielding virgin quality polymeric materials, so that its life cycle gets closed. Now there
are two examples of chemical recycling through depolymerization.

-

Chemical recycling of high-performance thermosets

Many microelectronic, aerospace and automotive devices contain heat-resistants:
chemically stable thermosets that are not amenable to reprocessing or recycling once
cured, and thermally decompose upon heating to high temperature. Moreover,
polymerization processes for thermosets generally require high temperature and a long
reaction time. In 2014, a recyclable and strong thermosetting polymer was reported by a
one-pot, relatively low-temperature polycondensation between paraformaldehyde and a
monomer which contains two -NH2 units (50 ºC, 30 minutes). Then, a hemiaminal
dynamic covalent network was formed. At higher temperatures (50-200 ºC, 3h)
cyclization takes place and poly(hexahydrotriazine), a highly cross-linked network
polymer network, is formed [5].
Both the dynamic covalent network and cross-linked network materials showed
distinctive mechanical properties and exhibited high Young’s modulus (which measures
stiffness of a solid material with the relationship between stress and strain): for ODAHDCN 6.3 GPa and for ODA-PHT 14.0 GPa, which were comparable to (or even higher
13

than) those of the conventional thermosets. Both HDCNs and PHTs are chemically
resistant and also insensitive to weak acids (pH > 2), but at low pH ≤ 2 they can be
depolymerized to recover the bisaniline monomers for reuse [5].

-

Thermal and chemical recycling of nylon-6

Nylon-6 is currently one of the most important construction materials in industries such
as automotive, aeronautic and electronic. Its depolymerization to recycle e-caprolactam
monomers can be carried out in ionic liquids. These liquids favored depolymerization
achieving a monomer recovery yield of 43-55%, after heating nylon-6 chips at 300 ºC for
5-6 h and collecting the monomers by distillation from the reaction mixture [5].
The most effective ionic liquid is compounded of quaternary ammonium salts, such as Nmethyl-N-propylpiperidinium (PP13), N,N,N-trimethyl-N-propylammonium (TMPA)
and bis(trifluoromethanesulphonyl)imide (TFSI) [5].

Figure 9. Depolymerization of nylon-6 into its constituent monomer e-caprolactam in the
presence of an ionic liquid. [5]

The successful development of recyclable polymers can not only reduce the demand for
finite raw materials and alleviate the negative impact of polymeric materials on the
environment, but can also establish a circular economy approach to sustainability.
Therefore, as it has been exposed, there will be two main types of chemical recycling of
polymer wastes: repurposing and depolymerization processes.
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Recycling of polyenaminones
As pointed out previously, polyenaminones 4 are chemically recyclable due to their
ability to undergo base-catalysed transamination which ends with the formation
(recovery) of the diamine and the bis-enaminone monomers from the polymer. Therefore,
the synthesis and depolymerization of polyenaminones is a reversible dynamic process.
Depolymerization takes place in the presence of large excess dimetylamine in ethanol at
slightly elevated temperature (50 °C). Upon completion of the depolymerization process,
excess dimethylamine-ethanol is removed by distillation under reduced pressure, which
also enables efficient recovery of ethanolic dimetylamine. The residue obtained upon
evaporation consists of a mixture of monomers, which in turn are separable by liquid–
liquid extraction. Washing of a solution of a mixture of bis-enaminone and a diamine can
be carried out in a suitable organic solvent (dichloromethane, ethyl acetate, etc.) with 1
M hydrochloric acid, which protonates the more basic diamine to give the corresponding
diamine dihydrochloride, which is soluble in water and insluble in organic solvent and
viceversa. The less basic bis-enaminone is not protonated and remains dissolved in the
organic phase. Thus, the recycling process gives to this compound the capacity of having
closed-loop life cycles in a sustainable way [2].
The recycling process is represented in Figure 10.

Figure 10. Reversible polymerization/depolymerization of polyenaminones [2]

15

The recyclability value of a polymer is lost when processing is costly, energy-intensive
or alters the physical properties and appearance of recovered materials. Lowering the
energetic barrier to bond cleavage in depolymerization is therefore critical for the process
efficiency. As vitrimers, polyenaminones are able to undergo depolymerization yielding
the diamine and the bis-enaminone monomers. However, like other plastics, it remains a
challenge to depolymerize vitrimers at low temperatures, in short reaction times, with
high tolerance to additives, and from mixed plastic waste streams [6].
A study of poly(diketoenamine)s (PDKs), which are similar vitrimers to polyenaminones,
also presents the possibility of recycling the polymer via depolimerization in a highefficicent way. This vitrimer is also prepared via ‘click’ polycondensation reactions, and
furthermore it showed notably access to the monomers (β-triketones) in a single step from
widely available polytopic carboxylic acids and 1,3-diones. Thus, PDKs hydrolyze in
strong aqueous acid (0.5-5.0 M H2SO4) at ambient temperature to yield pure, immediately
reusable triketones (Figure 11). Otherwise, amine monomers are recovered using a
regenerative resin-based process and then closing the loop. PDK depolymerization also
tolerates a wide spectrum of additives, including dyes, pigments, inorganic fillers, fibre
reinforcing fabrics and flame retardants, even when these additives comprise high weight
fractions in the polymer composite [6].

Figure 11. Closed-loop life cycle of PDKs from triketones and amines, with the synthesis and the
later depolymerization and regeneration of the monomers [6]
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Therefore, both PDKs and polyenaminones don’t undergo irreversible bond-forming
reactions which make monomer’s recovery with high purity difficult and costly. As the
global production on plastics accelerates, these type of polymers stand out among a
growing class of smarter plastics designed for chemical circularity [6].

3.2 Polymers in the environment
3.2.1

Environmentally-friendly vs conventional polymers

Environmentally-friendly materials are among the most important materials because of
the increasing environmental issues and depletion of petroleum oil reserves (Figure 12).
It is definitely necessary for both academic and industry to develop the environmentallyfriendly polymers materials or “green materials”. Polymers are composed of very large
molecules, which can generally not be processed by bacteria or other living organisms.
So, they may be able to stay in the environment for several years with high persistence
(see Figure 12). Nevertheless, in the case of the biodegradable polymers, there are some
parts of these large molecules which can be broken down relatively easily, for example
by hydrolysis. Then, once they have turned into smaller molecules, they can be processed
by enzymes present in microorganisms.

Figure 12. Non-biodegradable
plastic bottle in sand [7]

Environmentally-friendly polymers are biodegradable and/or biobased (from renewable
resources). Their carbon-neutral lifecycle may reduce the emission of carbon dioxide and
their non-dependence on petroleum in its manufacturing process helps to reduce the
human footprint on the environment. In fact, significant achievements in this field have
been obtained by chemists, physicists, and engineers who have recognized the importance
of developing environmentally responsible materials [8]. Now, some examples of
environmentally-friendly polymers are being exposed.
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-

Polysaccharide carboxymethyl cellulose, coming from natural products,
minimizes the environmental impact of the synthetic processes for the
development of nanostructures [8].

-

Starch-based polymers are considered totally biodegradable, low-cost, renewable
natural polymers. They can represent a substitute of plastic, but they have lower
mechanical properties, and therefore its range of applications is less wide. Starch
is usually blended with aliphatic polyesters, such as PLA (polylactic acid), PCL
(polycaprolactone), and polyvinyl alcohol to make completely biodegradable
plastics. Adding in starch also shaves plastic manufacturing costs. However,
starch content must exceed 60% of the composite before it has a significant effect
on degradation. Therefore, as its content increases, the polymers become more
biodegradable [9].

-

Natural rubber (cis-poly(isoprene)) comes from the rubber tree and is
bioassimilated into the environment initially by peroxidation, followed
subsequently by biodegradatation of the low molar mass oxidation products
(laevulinic acid, acetic acid, formic acid, etc.). Synthetic cis-poly(isoprene),
manufactured from petrochemical feed-stocks, behaves in exactly the same way
under the same conditions [10].

-

Poly β-hydroxybutyrate – co-β-hydroxyvalerate (PHBV) is derived by combining
3-hydroxy butanoic acid and 3-hydroxy pentanoic acid, in which monomers are
cross-linked by an ester linkage. It decomposes to form carbon dioxide and water.
It is brittle in nature, and it can be used in the production of drugs and the
manufacturing of bottles [11].

Nevertheless, environmentally-friendly polymers aren’t the most produced. Some
conventional polymers can be managed in a sustainable way, but others don’t.
For example, polyethylene (PE) is the world’s most widely used and produced, made
from natural gas (it isn’t bio-based) and used for plastic bags, packaging, tubes, bottles...
It can cause conflict, but compared to other famous polymeric materials polyethylene is
a safe plastic in environmental terms because it’s completely recyclable and its production
is exceptionally energy-efficient [12]. However, depending on its density it can last
decades or centuries to be slightly degraded in the environment [13]. Therefore, the most
produced plastic is non-biodegradable and although it isn’t toxic it may suppose a risk for
animals that may confuse it with food (example in Figure 13), besides other hazards.
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Figure 13. Seabird eating plastic. Dimethyl sulfide can be transfered from algae to
plastics through water and make seabirds confuse it with food [14]

Between conventional polymers, polyester is also a well-known one. In this case, this
polymer used for its wrinkle-free properties has significant environmental impacts. It’s a
synthetic petroleum-based fibre, made from a carbon-intensive non-renewable resource
and it needs lot of energy and harmful chemicals (which sometimes finish in the water or
in the air) for being manufactured. Furthermore, it isn’t biodegradable and is considered
the biggest source of microplastic pollution in the oceans. The only way of using it in a
sustainable way is recycling it (it’s completely recyclable) [15].
Last example of conventional polymers is polyvinyl chloride (PVC), which is very
resistant and versatile, used in bottles, packaging, toys, construction materials… (see
Figure 14). In the environment, it lasts decades only for suffering fragmentation (pieces
become smaller). After this, animals can ingest it and the plastic can block their digestive
tracts. Moreover, its non-optimised manufacture and incineration generate dioxines, one
of the most deadliest of human-made poisons (it belongs to the Persistent Organic
Pollutants group). Despite of its very low degradability, difficulty of recycling it and toxic
substances involved in its manufacture, PVC is one of the most used polymers because
of its resistence, durability and low cost [16].

Figure 14. PVC is very used in tubes due to its
hardness. [16]
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In the actuality, the most produced polymers (for plastics manufacturing) are hardly
biodegradable or directly they aren’t. Commercial plastics are made up of polymers and
additives such as plasticizers, stabilizers, antioxidants, impact modiﬁers, reinforcing
agents or ﬁllers, pigments, compatibilizers, lubricants, ﬂame retardants, and so on. These
chemicals are added to give the polymer enhanced functionality; without the presence of
additives, many polymeric materials would be of limited use. Unfortunately, concerns
also exist over the additives; e.g. phthalatesor bisphenol A. Chemicals such as this one
are reported to be harmful to human health in some biological mechanisms [17].
Their excessive production suppose a huge hazard for the environment basically because
of their production process and their generated waste. First of all, they need nonrenewable resources for being manufactured (most of them are petroleum-based), and
then toxic substances are generated on these processes and a part of them finish in the
environment. Moreover, their waste stay in the environment or in landfills for an
enormous amount of years, while another huge quantity of plastic is being produced, used
and also becoming waste. The global production of plastics, excluding ﬁbers of PET, PP,
and polyamide, was approximately 322 million tons in 2015 and 335 million tons in 2016.
Therefore, this excess of use and production is being payed by the planet. However,
recycling may be a solution, but the current amount of non-biodegradable plastic in the
world is too big anyway. So, a responsable use of plastics and their priority for being
recycled (or biodegradable if they are finishing in the environment) would give
sustainability to its production [18].
Biodegradable polymers are in a lower scale of production and use. It is reported that
biodegradation begins only for molecular weight values of a few tens of thousands, which
can be considered very low for many commercial polymers. Generally, their range of
properties is more reduced and the relation between applicatons and cost sometimes is
higher. Nevertheless, the research for giving them more protagonism and finding areas
where they can be used is currently very important [18].
Biodegradable polymers can be disposed of in prepared bioactive environments when
they undergo degradation by the enzymatic actions of microorganisms (bacteria, algae
and fungi). Their polymer chains may also be broken down by non-enzymatic processes
such as chemical hydrolysis. Biodegradation converts them to CO2, CH4, water, biomass,
humic matter, and other natural substances. Therefore, biodegrable polymers may be
naturally recycled by biological processes [18].
In the next figure (Figure 15) there is the main classification plastic materials regarding
their environmental impact.
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Figure 15. Types of polymers regarding environmental impact with examples [18]

3.2.2

Risk assessment

REACH legislation
Worldwide, specially in industry, use of chemicals is very high and is increasing with
time. With an expanded production and use, lots of hazards emerge and suppose a risk
that needs to be assessed for avoiding impacts to human health or to the environment.
Therefore, it’s important to know that some chemical substances can be bioaccumulative,
toxic, mutagenic, etc., and suppose a risk which needs to be controlled.
Nowadays, there is a European Union regulation whose name is REACH, which
concerns Registration, Evaluation, Authorization and Restriction of Chemicals (Figure
16). It sets up the procedures for the compilation and evaluation of all data related to the
properties and hazards of chemicals. Europe’s industry manufactures a very big amount
of products with chemical compounds, so there is a need of a regulation of their use. With
it, risk assessments may be better and chemical products impact can be reduced both for
human health and for the environment [19].
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REACH has therefore a legislative approach, in which it stablishes a regulation that
includes the promotion of alternative methods for assessment of hazards of substances,
as well as the free circulation of substances on the internal market while enhancing
competitiveness and innovation. This Regulation is based on the principle that it is for
manufacturers, importers and downstream users to ensure that they manufacture, place
on the market or use such substances that do not adversely affect human health or the
environment. Its provisions are underpinned by the precautionary principle [19].

Figure 16. REACH logo [19]

The OECD organization (Organization for Economic Co-operation and Development) is
a group of 34 member countries that discuss and develop economic and social policy. Its
stated goals include fostering economic development and cooperation, fighting poverty,
and ensuring consideration of the environmental impact of growth and social
development. OECD has multi guidelines for testing chemicals which include several
methods used by government, industry and independent laboratories to identify and
characterise potential hazard of chemicals. They are a set of tools for professionals, used
primarily in regulatory safety testing and subsequent chemical and chemical product
notification, chemical registration and in chemical evaluation. They can also be used for
the selection and ranking of candidate chemicals during the development of new
chemicals and products and in toxicology research. This group of tests covers
environmental fate and behaviour [20].
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PBT/vPvB substances assessment
Environmental assessment is very important in the case of PBT (Persistent,
Bioaccumulative and Toxic) and vPvB (very Persistent and very Bioaccumulative)
substances. Persistent in this context is applied to chemicals that do not break down easily
in the environment. Bioaccumulative means that a substance accumulates in an organism
or in the environment more quickly than it can be metabolized, and toxicity is the degree
to which it can harm human health or the environment. Under REACH Regulation, Annex
XIII includes criteria for identifying substances which are PBT and vPvB. However, the
current criteria of Annex XIII covers less PBT substances than those set by OSPAR, a
mechanism by which 15 Governments and the EU cooperate to protect the marine
environment of the North-East Atlantic [21].
For obtaining information of the impacts that chemical compounds are able to cause, is
important to evaluate their biodegradability. A substance that can be present in the nature
for decades may cause bad effects as toxics, mutagenics or carcinogenics. So, toxicity
and biodegradability tests are really important for the assessment. On one hand,
biodegradability measures the extent of a breakdown of organic substances that takes
place when microorganisms obtain carbon and energy from them. Therefore, they convert
these substances (which can be pollutants) and make them “dissappear” out of the
environment, and that’s why biodegradation is one of the main process in wastewater
treatment plants (Figure 17) [21].

Figure 17. Representation of biodegradation process [17]
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Microorganisms have exoenzymes that are able to break down complex polymers,
generating smaller molecules which can be degraded. It’s also important that if the
substance is completely degraded into CO2, H2O or CH4 the degradation is called
mineralization.
Nevertheless, biodegradability doesn’t depend only on molecules and their structure.
There are lot of factors that are also important such as environment (aquatic or terrestial),
conditions (aerobic or anaerobic), source and concentration of microorganisms, light,
temperature, availability of oxygen or pH. In a biodegradability test of organic
compounds in wastewaters oxygen consumption is the key, while CO2 is absorbed in a
suitable substance. This usually takes place in a closed respirometer, because
respirometric methods are the most appropiate and the simplest [21].
The lack of biodegradability makes substances persistent and gives bioaccumulative
properties, and their presence in the environment at low levels may suffice for
accumulation of toxic levels in organisms over time. In the article 1 paragraph 3 of
REACH:
“...it is for manufacturers, importers and downstream users to ensure that they
manufacture, place on the market or use such substances that do not adversely affect
human health or the environment.” [22]
And in its Annex XIII:
“it is therefore up to the manufacturer or importer of a substance to conclusively
demonstrate that P properties (and also B, or T properties) are not fulfilled. Otherwise the
compound is suspected to be persistent and has to be treated as if it would fulfil P criteria.”
[22]
To identify those compounds, criteria for persistence (P) is specified in REACH Annex
XIII. The actual criteria are degradation half-lives for environmental compartments
(DegT50, for degradation time where 50% of the compound is degraded), which are meant
to be first order or pseudo-first order half-lives (Table 1) [22].
Table 1. Degradation half-lives for identification of PBT and vPvB substances (according to REACH annex XIII) [22]
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Persistence testing has a wide range of methods. Depending on the type of test, outputs
and other parameters (medium, efficiency…) variate. For example, test on hydrolisis
provides information of primary degradation, implicating the need to assess hydrolysis
products for possible PBT or vPvB properties.
Similarly, in simulation tests where full mineralization couldn’t be demonstrated
substance is followed by specific analysis (i.e. primary biodegradation), and resulting
degradation products must be identified and assessed for PBT properties. In REACH,
Annex XIII: “...relevant constituents of a substance and relevant transformation and/or
degradation products have also to be assessed for PBT/vPvB properties...”. The
applicable tests for P assessment are summarised in the Table 2. The main characteristic
of simulation tests is that the tested substance is put into a simulation of the natural
environment, which can adopt different scenarios: surface waters, aerobic biological
wastewater treatment plant, soil… The simulated environment will be determined by an
assessment of the possible destinations where the substance can end [22].
Table 2. Assessment and screening information on persistence (P) as specified in REACH Annex XIII [22]
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According to Annex XIII these data should be evaluated in a “weight of evidence
determination using expert judgement” considering all available information (including
screening information) and weighing the data by quality and consistency [22].
Therefore, information sources for P evaluation may be grouped in two groups:
simulation tests and screening tests.
Firstly, from simulation tests cut-off values of half-lives as given in REACH Annex XIII
generally can be obtained. With environment simulations, compounds are observed for
knowing if they fulfil P criteria and are able to be considered persistent or not. Difficulties
may appear with this type of tests, for example the case in which results of different tests
contradict between them. In this context, the definitive result according to Annex XIII
has to be the obtained in the more representative medium. For example, the soil has to be
the most representative for either the European conditions or the relevant exposure
situations that may be given. This is supported by the notion within OECD 307 (aerobic
and anaerobic transformation in soil), that “the types of soils tested should be
representative of the environmental conditions where use or release will occur.”
Nevertheless, how the variability of environmental conditions is to be implemented into
simulation type tests is poorly defined [22].
Then, screening tests can be carried out relatively quickly for example in a wastewater
treatment laboratory using standard equipment. Their aim is to identify substances which
are with high certainty not persistent. REACH guidance document R.11 (ECHA, 2014c)
lines out that “it is normally not possible to conclude whether the substance fulfils the
PBT or vPvB criteria due to the uncertainties related to screening information”. Further,
conclusions on not P from existing screening tests must follow the criteria as specified by
REACH guidance documents R.11 (ECHA, 2014c) and R.7B (ECHA, 2014b). Thus,
substances can be considered being neither vP nor P. However, if these criteria are not
fulfilled, and in the absence of higher tier data (simulation tests), persistence is assumed
(“potentially P or vP”), but actually no final conclusion can be drawn from screening
tests, as outlined by guidance R.11 [22].
To conclude, simulation tests may produce reliable results for the specific conditions of
the test, but fail to be fast and cheap and do not allow predictions for other compartments
than the one tested. Otherwise, screening tests may be faster and cheaper than simulation
tests, reproducible and reliable. They may also produce reliable outcome with regard to
the diverse conditions encountered in the environment and enable predictions for various
compartments [22].
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3.2.3

Determination of biodegradability and toxicity

Overview
As it is said before, risk assessment is fundamental legislatively and for keeping the
environment safe. Therefore, biodegradability and toxicity tests are tools that will give
the necessary information for predicting how substances will behave in the nature. During
the recent history, these tests have been standarised.
The development of the standardised ready biodegradation tests was initiated in the 1970s
by different laboratories and each test represents an own history. The different methods
have been adopted by the OECD to the OECD 301 A-F guidelines, which have later been
extended by further OECD guidelines (OECD, 2016) and ISO standards. If tested
substances fulfil the criteria for ready biodegradability, they will have a rapid degradation
in the environment under established conditions. Despite the objective of ready
biodegradability testing is to predict whether a chemical will degrade in specific
environmental situations, tests methods have not been designed to derive kinetic
degradation rate constants, they are more oriented for measuring the removal efficiencies
[22]. At present, regulations require biodegradability claims to be based on aerobic
biodegradation, which typically measures oxygen consumption, CO2 production and the
state of organic or inorganic carbon intermediates [23].
Customers commonly request biodegradation, toxicology and bioaccumulation testing
simultaneously to conduct an Environmental Fate Analysis on the product for regulatory
and third party label claims [24].
Selecting the most appropriate test method for demonstrating a finished product’s
biodegradability can be critical for material suppliers and manufacturers. Challenges with
biodegradation testing include the complexity of the biochemical interactions, the
composition of the materials tested, and the specifc needs of each biodegradation test.
Materials that are made up of components known to biodegrade sometimes don’t prove
it, and materials made of inorganic components don’t necessarily ‘fail’ the various
assessments of biodegradability. Therefore, knowing which biodegradation test method
to use for a specific material is the key [23].
The principle of standard ready biodegradability tests is the incubation of the test and
reference substance as the only organic carbon source with an inoculated mineral medium
in the dark or diffuse light at 22±2°C for 28 days.
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Degradation is followed by DOC (Dissolved Organic Carbon) analysis, or measuring CO2
evolution or oxygen consumption at frequent intervals. The activity of the inoculum alone
is considered in parallel blank control flasks. According to the OECD introduction to
ready biodegradability, “the inoculum may be derived from a variety of sources” such as
“activated sludge; sewage effluents (unchlorinated), surface waters and soils; or from a
mixture of these.” When activated sludge is used, it should be taken from a wastewater
treatment plant or laboratory-scale unit receiving predominantly domestic sewage
assuming no adaptation of microorganisms [23].
In a biodegradability test, CO2 evolution is a definite proof of mineralisation, while
oxygen consumption is an indirect proof of it and is additionally influenced by
nitrification process. The reactions that take place in degradation are summarised here, in
Figure 18:

Figure 18. Main reactions of biodegradation and ways of measuring it. [24]

Data processing may be afected by considerable uncertainty, especially for nitrogen
containing test substances. Annex V of the OECD 301 introduction provides a correction
method for considering nitrification processes via nitrite and nitrate analysis which,
however, considerably increases the effort for the test performance (OECD 1992). There
have been attempts to avoid nitrification in respirometric test systems by adding the
nitrification inhibitor Allythiourea (10 mg/L). Otherwise, DOC elimination should only
be interpreted as mineralisation, if no substantial adsorption and/or volatilisation of the
test substance take place [24].
Therefore, so many factors can influence or even exclude certain methods, so it’s
necessary to have a sufficient number of different standardized test methods to allow the
choice of the best one for the specific purpose. Thus, ISO’s intention is to standardize the
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biodegradation tests of the OECD Guidelines for Testing of Chemicals. Depending on
the substance which is going to be tested and the required conditions, the appllicable tests
will be specific ones [23].
In this research work, polyenaminones are being treated and studied in terms of aquatic
biodegradability. So, the evaluation of it should be in an aqueous medium and under
suitable conditions for organic compounds testing. Another important factor is that they
are insoluble in water. Test substances which are soluble in water to at least 100 mg/L
may be assessed by all methods, provided they are non-volatile and non-adsorbing.
Meanwhile, for those chemicals which are poorly soluble in water (polyenaminones),
volatile or adsorbing, suitable methods are indicated in Table 3. [20] Then, possible ISO
tests are exposed in this chapter, and specially the biodegradability test that consits of
measuring oxygen demand in a closed respirometer.
Table 3. Applicability of test methods. [24]

In the guidelines for chemicals risk assessment according OECD, it is written that in
biodegradability tests with poorly soluble compounds the following aspects should
recieve special attention [24].
-

While homogeneous liquids will seldom present sampling problems, it is
recommended that solid materials should be homogenised by appropriate means
to avoid errors due to non-homogeneity. Special care must be taken when
representative samples of a few milligrams are required from mixtures of
chemicals or substances with large amounts of impurities.
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-

Various forms of agitation during the test may be used. Care should be taken to
use only sufficient agitation to keep the chemical dispersed, and to avoid
overheating, excessive foaming and excessive shear forces.

-

An emulsifier which gives a stable dispersion of the chemical may be used. It
should not be toxic to bacteria and must not be biodegraded or cause foaming
under test conditions.

-

The same criteria apply to solvents as to the emulsifiers.

-

It is not recommended that solid carriers should be used for solid test substances
but they may be suitable for oily substances.

-

When auxiliary substances such as emulsifiers, solvents and carriers are used, a
blank run containing the auxiliary substance should be performed.

-

Any of the four respirometric tests (301 B, 301 C, 301 D, 301 F) can be used to
study the biodegradability of poorly soluble compounds.

Selected ISO tests for polyenaminones
Water quality – Test for inhibition of oxygen consumption by activated sludge for
carbonaceous and ammonium oxidation
This internafional standard specifies a method for assessing the inhibitory effect of a test
material on the oxygen consumption of activated sludge microorganisms. It’s applicable
for testing waters, waste waters, pure chemicals and mixtures of chemicals. So, its wide
range of applications makes it an appropiate test for a non-conventional polymer such as
a polyenaminone [25].
Activated sludge is a mixture of microorganisms produced in the treatment of wastewater
by the growth of bacteria and other microorganisms in the presence of oxygen. It
consumes oxygen due to the ready biodegradable substances present (depending on the
concentration of microorganisms among other factors). Otherwise, the addition of a toxic
material makes oxygen consumption rate (measured with an oxygen electrode) to
decrease. Therefore, the inhibition in percentage can be estimated by comparison between
the consumption rate in the system with and without test material [25].
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Oxygen uptake measurements can be carried out by activated sludge microorganisms,
which are a mixture of heterotrophic microorganisms, and the nitrifying microorganisms,
oxidizing the ammonium nitrogen present. The oxygen consumed by nitrification may be
obtained using N-allylthiourea (ATU), a specific inhibitor of the oxidation of ammonium
to nitrite by first-stage nitrifiers. Then, difference of oxygen consumption between with
and without allylthiourea’s presence determines the value of consumption due to
nitrification. The residual value, from the sample without allylthiourea, corresponds to
the oxygen consumption rate due to heterotrophs [25].
Nitrification is a two-step biological process by which aerobic bacteria oxidize
ammonium to nitrate. Nitrifying bacteria (Nitrosomonas and Nitrobacter) oxidize
ammonium ions (NH4+) to nitrite (NO2-) in the first step and then oxidize nitrite to nitrate
(NO3-) in the second step [26]. In wastewater treatment plants, nitrogen removal is very
important because its presence reduces dissolved oxygen in water, it’s toxic for the
aquatic ecosystem and also a risk for human health; moreover, with phosphorous is
responsable of the photosynthetic organisms uncontrolled growth (eutrophication). The
removal consists in a process of nitrification and then denitrification (nitrate becomes
nitrogen gas, which is removed), represented in Figure 19 [27].

Figure 19. Process of nitrification+denitrification [28]

Therefore, it’s important to know if the substance which is going to be tested causes an
inhibitory effect on ammonium oxidation, because it’s presence in water would suppose
a problem in nitrogen removal. Besides this, between the different forms of nitrogen in
natural waters the nitrate supposes less hazard for the ecosystem.
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Sometimes, abiotic control is necessary if test substance has strong reducing properties
which may cause measurable abiotic oxygen consumption. With it, discrimination
between oxygen uptake by the test substance and microbial respiration can be carried out.
These tests usually consist in omitting the inoculum from test mixtures and poisoning it
with mercury (II) chloride [25].
The set of reagents, media and inoculum is formed by:
-

Water (distilled or de-ionized with less than 1mg/L of DOC)

-

N-allylthiourea (2.5 g in 1 L, for having a final concentration of 11.6 mg/L in the
sample)

-

Mercury(II) chloride solution, if abiotic test is necessary.

-

Antifoam agent, free from silicone (it should be used if foaming occurs during the
incubation)

-

Reference substance (stock solution): made by 1 g of 3,5-dichlorophenol or 1 g of
N-methylaniline, in 1 L of water. Used for checking the sensitivity of the activated
sludge before the test.

-

Test medium (synthetic sewage 1): 16 g peptone + 11 g meat extract + 3 g urea
+ 0.7 g NaCl + 0.4 g CaCl2·2H2O + 0.2 g MgSO4·7H2O + 2.8 g K2HPO4 + up to 1 L of
water.

-

Test material (stock solution): pure chemical, which is going to be tested. In this
case, a solution of 1 g/L (for example) of a selected polyenaminone. The sampling
of the test material, according to OECD guidelines for biodegradability testing,
may require special treatment in the case of poorly soluble and insoluble test
substances. The choices are:
(a) Direct addition of known weighed amounts.
(b) Ultrasonic dispersion before addition.
(c) Dispersion with the aid of emulsifying agents to be required to establish
whether it has any inhibitory or stimulatory effects on microbial activity
before addition.
(d) Adsorption of liquid test substances, or a solution in a suitable volatile solvent,
on to an inert medium or support (e.g. glass fibre filter), followed by
evaporation of the solvent, if used, and direct addition of known amounts.
(e) Addition of known volume of a solution of the test substance in an easily
volatile solvent to empty test vessel, followed by evaporation of the solvent.

-

Inoculum (activated sludge from an aeration tank of municipal wastewater
treatment plant and with the suspended solids concentration determined).
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Material: test vessels (250-300 mL BOD bottles or erlenmeyer flasks with stoppers),
device for measuring oxygen concentration, magnetic stirrers, aeation device, pH-meter,
centrifuge and apparatus for culturing nitrifying activated sludge [25].
Before the definitive test, a preliminary one is useful to estimate the range of
concentrations needed in the definitive one. It consists in carrying out the test explained
below with at least three concentrations of test material (for example 1 g/L, 10 g/L and
100 g/L), a blank control and an abiotic control (with the highest concentration) if
necessary. Then, rates of oxygen uptake, nitrification and percentage of inhibition (if
relevant) are determined [25].
With the range of concentrations deduced from the preliminary test, two sets of five
concentrations in a logarithmic series and a blank control are prepared. One set will have
added ATU to each mixture to allow a final concentration of 11,6 mg/L (which should
inhibit completely oxygen uptake by nitrification). Therefore, when ATU is added, the
rates of oxygen uptake make reference only to heterotrophic oxidation [25].
The mixtures are made by sludge, test medium, test material and ATU (if it’s the case).
Then, incubation starts with aerating them and with stirring, at a constant temperature of
22 ºC approximately. After 30 minutes from the start, a sample from the first aeation
vessel is transfered to a measurement vessel and, with an oxygen probe, rate of decrease
in concentration of dissolved oxygen is measured. This procedure is repeated with each
mixture after periods of 30 minutes, finishing if required at 180 minutes [25].
From concentrations of dissolved oxygen, oxygen consumption rates can be calculated.
From samples with ATU, heterotrophic respiration rate is obtained, and from samples
without it the result corresponds to total respiration rate, R (mg/(L·h)) [25].

𝑅 (𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒) =

𝜌1 − 𝜌2
· 60 (1)
∆𝑡

Where 𝜌1 is the oxygen concentration at the beginning of the selected section of the linear
phase (mg/L), 𝜌2 is the oxygen concentration at he end of the selected section of the linear
phase (mg/L), and ∆𝑡 is the time interval between these two measurements (min).
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And the specific respiration rate represents the oxygen uptake per dry weight of sludge
per hour, obtained through equation (2):
𝑅𝑆 =

𝑅
𝜌𝑆𝑆

(2)

Where 𝜌𝑆𝑆 is the concentration of suspended solids in the test mixture (g/L).
Then, the respiration which corresponds to nitrification will be:
𝑅𝑁 = 𝑅𝑇 − 𝑅𝐻 (3)
Where 𝑅𝑁 is the rate of oxygen uptake due to nitrification (mg/(L·h)), 𝑅𝑇 is the rate of
oxygen uptake by the blank control (mg/(L·h)), and 𝑅𝐻 is the rate of oxygen uptake of
the blank control with added ATU (mg/(L·h)).
With equation (2), 𝑅𝑁𝑆 , 𝑅𝑇𝑆 and 𝑅𝐻𝑆 can be calculated.
If 𝑅𝑁 is less than the 5% of 𝑅𝑇 , it can be assumed that the heterotrophic oxygen uptake
equals the total uptake, and that no nitrification is ocurring. If not, two sets of vessels
have to be set up to measure the inhibition of total, heterotrophic and nitrification uptake.
These calculations may be carried out with the different test concentrations [25].
The percentage of inhibition of total oxygen consumption at each concentration of test
substance is calculated from equation (4):

𝐼 = (1 −

𝑅𝑇 − 𝑅𝑇𝐴
) · 100 (4)
𝑅𝑇𝐵

Where 𝑅𝑇𝐴 (mg/(L·h)) is the total respiration rate due to abiotic processes and 𝑅𝑇𝐵
(mg/L·h )is the total one based on blank assays.
Similarly, the percentage of inhibition of heterotrophic oxygen uptake and the one due to
nitrification can be obtained from equations (5) and (6):
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𝐼𝐻 = (1 −

𝑅𝐻 − 𝑅𝐻𝐴
) · 100 (5)
𝑅𝐻𝐵

𝐼𝑁 = (1 −

𝑅𝑇 − 𝑅𝐻
) · 100 (6)
𝑅𝑇𝐵 − 𝑅𝐻𝐵

Where 𝑅𝐻𝐵 is the rate due to heterotrophic respiration based on blank assays, in mg/(L·h).
Finally, the percentage inhibition of oxygen consumption against the logarithm of the test
material concentration can be plotted. The graph gives EC50, the concentration of the test
material which causes an inhibition of 50%.
The results from this test should be considered only as a guide to the likely toxicity of the
test material, since activated sludge of different sources differ in bacterial composition
and concentration. Furthermore, laboratories aren’t able to simulate completely
environmental conditions. Therefore, the results are relatively valid and may predict the
behaviour of the test material in the environment, but they won’t be completely exact.
Such test should be accomplished before determining the biodegradability to avoid false
result, related to the possible toxicity of the sample, inhibiting microorganisms not to
degrade it [25].

Water quality – Evaluation of ultimate aerobic biodegradability of organic compounds
in aqueous medium by determination of oxygen demand in a closed respirometer
This International Standard specifies a method to evaluate the ultimate biodegradability
of organic compounds and waste waters at a given concentration of aerobic
microorganisms. Biodegradability is determined through the measurement of oxygen
demand in a closed respirometer [29].
A static aqueous system allows the determination of biodegradation of organic
compounds by aerobic microorganisms to be carried out. The test mixture is formed by
an inorganic medium, the organic compound and a mixed inoculum (consortium of
microorganisms) obtained from a wastewater treatment plant (or another environmental
source). The mixture is agitated in a closed test vessel and the consumption of oxygen is
determined by measuring the change in volume or pressure (mantaining the gas volume
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constant). After a period of 28 days (longer if necessary) the amount of oxygen consumed
by the organic compound is obtained and expressed as percentage of the theoretical
oxygen demand (ThOD) or the chemical oxygen demand (COD). The incubation has to
take place in the dark or in diffused light, with a constant temperature between 25 and
30ºC [29].
The list of reagents is [29]:
-

Water (distilled or de-ionized with less than 1 mg/L of DOC)

-

4 solutions:
a) 8.5 g KH2PO4 + 21.75 g K2HPO4 + 33.4 g Na2HPO4 + 0.5 g NH4Cl; in 1 L of

deionized water
b) 22.5 g MgSO4·H2O in 1 L of deionized water
c) 36.4 g CaCl2·2H2O in 1 L of deionized water
d) 0.25 g FeCl3·6H2O in 1 L of deionized water, with a drop of HCl to avoid

precipitation
-

Test medium: 800 mL deionized water + 10 mL solution a) + 1 mL from solutions
b) to d) (and make up to 1 L with deionized water).

-

Carbon dioxide absorber (KOH solution, 10 mol/L, or other suitable adsorbent)

-

Mercury chloride solution (1 g HgCl2 in 100 mL of water)

-

Sodium hydroxide solution (NaOH; 0.1 to 0.5 mol/L)

-

Hydrochloric acid solution (HCl; 0.1 to 0.5 mol/L)

Material: closed respirometer, water-bath/constant temperature room, equipment for
measurement of DOC, device for determining chemical oxygen demand, centrifuge or
device for filtration, pH meter [29].
Firstly, a stock solution of a sufficiently water-soluble test compound in the test medium
is prepared. From this stock, a suitable amount is added to the test vessels to obtain a
concentration of 100 mg/L, but equivalent to at least 100 mg/L ThOD (depending on
toxicity and other properties other concentrations may be used) [29]. Toxicity sholud be
determined by the test of measurement of inhibition of oxygen consumption, described
above in the international standard Water quality – Test for inhibition of oxygen
consumption by activated sludge for carbonaceous and ammonium oxidation.
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It is also needed to prepare a solution of a reference compound (an organic compound of
known biodegradability), such as aniline or sodium benzoate (which have degradation
degrees higher than 60%). A stock solution of this compound in the test medium in the
same conditions as the previous one, in order to obtain a final mass concentration of 100
mg/L of reference compound. If required, another solution with the test compound and
the reference compound (100 mg/L each – depending upon toxicity and ThOD of the
tested substance) in the test medium is needed for checking possible inhibitory effects of
the test compound [29].
For the inoculum, activated sludge is preferably used, whose concentration of suspended
solids has to be previously determined. The test starts setting up the closed respirometer
and preparing at least 2 test vessels (FT, test compound), 2 blank vessels (FB, test medium
and inoculum), 1 vessel of the reference compound (FC) and if needed 1 vessel for
checking a possible inhibitory effect of the test compound (FI, solution with both test and
reference compounds). An additional vessel for checking a possible abiotic elimination
may also be set up, formed by the test compound, without inoculum and sterilized by
addition of a suitable inorganic toxic compound. The composition of the mixtures in the
vessels is represented in Table 4 [29].

Table 4. Mixtures in the vessels for biodegradability testing [29]

Vessel

Test
medium

FT Test compound
FT Test compound

+
+

+
+

-

+
+

FB Blank
FB Blank

+
+

-

-

+
+

FC Inoculum check

+

-

+

+

FI Inhibition control (optional)

+

+

+

+

FS Abiotic elimination check
(optional)

+

+

-

-
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Test
Reference
compound compound

Inoculum

After adding test medium, the inoculum, the test compound and the reference compound
to the respective vessels, the absorbent is added to the CO2 absorber compartment of
them. The vessels have to be placed to the water bath or to a constant room temperature.
The readings of the biological oxygen demand (oxygen consumption) are taken from
manometers or through an automatic system. Otherwise, dissolved organic carbon (DOC)
is monitored [29].
If oxygen consumption is attained, it means that plateau phase is taking place, so no
further biodegradation is expected and the test is finished (the maximum test period
shouldn’t exceed 28 days, although it may be extended if plateau phase doesn’t occur).
On the last day pH is measured, to be sure that possible persistency is not a consequence
of inappropiate [29].
Polyenaminones have nitrogen in their monomers, so it’s important to determine the final
concentration of nitrate and nitrite immediately at the end of the test, or in suitably
preserved samples. Alternatively, a quantitative spot test procedure for nitrite and nitrate
on a small volume of reaction mixture, taken from each vessel, has to be used. Then, if
positive results are obtained a quantitative method has to be applied. If finally nitrification
has taken place, oxygen consumption has to be corrected:

Correction of oxygen uptake for interference by nitrification
In this case, oxygen uptake by the reaction mixture may be corrected for the amount of
oxygen used in oxidizing ammonium to nitrite, and nitrite to nitrate (if the changes in
concentration during incubation of nitrite and nitrate are determined), by considering the
following reactions:
2 NH4Cl + 3 O2
2 HNO2 + O2

2 HNO2 + 2 HCl + 2 H2O
2 HNO3

/1/
/2/

Overall:
2 NH4Cl + 4 O2

2 HNO3 + 2 HCl + 2 H2O

/3/

From equation /1/, the oxygen uptake when 28 g of nitrogen contained in ammonium
chloride (NH4Cl) is oxidized to nitrite is 96 g, i.e. a factor of 3.43. Similarly, from
equation /3/ the oxygen uptake when 28 g of nitrogen is oxidized to nitrate is 128 g, i.e.
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a factor of 4.57. Thus, the oxygen consumed in the formation of nitrate is 4.57 times the
increase in concentration of nitrate-N whereas the oxygen associated with the formation
of nitrite is 3.43 times the increase in the concentration of nitrite-N. With the decrease in
its concentration, the oxygen loss is 3.43 times the decrease in concentration [29].
Then oxygen consumptions are calculated form equations (1), (2) and (3):
𝑂1 = 4,57 · ∆(NO3 − N)

(1)

𝑂2 = 3,43 · ∆(NO2 − N)

(2)

𝑂3 = −(3,43 · ∆(NO2 − N))

(3)

Where O1 is the oxygen consumed in nitrate formation, O2 is the oxygen consumed in
nitrite formation, O3 is the oxygen lost in nitrite disappearance, ∆(NO3-N) is the increase
in nitrate-N concentration and ∆(NO2-N) is the change in nitrite-N concentration. Using
equations (4) and (5):
𝑂4 = (4,57 · ∆(NO3 − N)) ± (3,43 · ∆(NO2 − N))
and 𝑂5 = 𝑂6 − 𝑂4

(4)

(5)

Where O4 is the oxygen uptake due to nitrification, O5 is the oxygen uptake due to carbon
oxidation and O6 is the total observed oxygen uptake.
The corrected value for oxygen consumption due to oxidation of carbon is then compared
with ThODNH3, calculated as it is explained below. With this procedure, correction of
oxygen uptake for interference by nitrification is completed [29].
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After the test, biochemical oxygen demand is calculated with the equation (6):
𝐵𝑆 =

𝐵𝑇 − 𝐵𝐵𝑡
𝜌𝑇𝐶

(6)

Where 𝐵𝑆 is the specific biochemical oxygen demand (mg oxygen/g test compound), 𝐵𝑇
is the measured biochemical oxygen demand of the test compound 𝐹𝑇 at time t (mg/L),
𝐵𝐵𝑡 is the measured biochemical oxygen demand of the blank control 𝐹𝐵 at time t (mg/L)
and 𝜌𝑇𝐶 is the mass concentration of the test compound (g/L).
Otherwise, the biodegradation is determined in percentage using equations (7) and (8):
𝐷𝑇ℎ𝑂𝐷 =
𝐷𝐶𝑂𝐷 =

𝐵𝑆
· 100
𝑇ℎ𝑂𝐷

𝐵𝑆
· 100
𝐶𝑂𝐷

(7)

(8)

Where 𝐷𝑇ℎ𝑂𝐷 is the percentage biodegradation of ThOD at time t and 𝐷𝐶𝑂𝐷 is the
percentage biodegradation of COD at time t. COD is Chemical Oxygen Demand (mg/g
test compound), determined experimentally, while ThOD is the Theoretical Oxygen
Demand (mg/g test compound) and is calculated from equation (9):
1
5
1
16 · (2𝑐 + · (ℎ − 𝑐𝑙 − 3𝑛) + 3𝑠 + · 𝑝 + · 𝑛𝑎 − 𝑜)
2
2
2
𝑇ℎ𝑂𝐷 =
𝑀𝑟

(9)

Where c corresponds to C atoms in a molecule of the test compound, and similarly with
h (H), cl (Cl), n (N), p (P), na (Na) and o (O). Mr is the molecular weight of the compound
(g/mol).
Then, for the calculation of DOC removal, the expression (10) is used:

𝐷𝐶 = (1 −

𝜌𝑐𝑇𝑡 − 𝜌𝑐𝐵𝑡
) · 100
𝜌𝑐𝑇0 − 𝜌𝑐𝐵0
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(10)

Where 𝜌𝑐𝑇𝑡 is the DOC mass concentration (mg/L) at time t in the vessel FT, 𝜌𝑐𝐵𝑡 is the
DOC mass concentration (mg/L) at time t in the blank vessel FB, 𝜌𝑐𝑇0 is the DOC mass
concentration (mg/L) at time 0 in the vessel FT and 𝜌𝑐𝐵0 is the DOC mass concentration
(mg/L) at time 0 in the blank vessel FB.

Finally, when specific analyses of the test compound are performed, primary degradation
of the test compound is calculated compared to the amount of test compound in vessel FS
at the end:
𝐷𝑆 =

𝜌𝑆 − 𝜌𝑇
· 100
𝜌𝑆

(11)

Where 𝜌𝑆 is the mass concentration of the test compound (mg/L) in vessel FS at time t
and 𝜌𝑇 is the mass concentration of the test compound (mg/L) in vessel FT at time t.
BOD, DThOD and DCOD can be compiled in a table for each vessel for each time interval
(automatic respirometers would have already stored the results). Then, biodegradation
curve is plotted as in Figure 19 (percentage vs time) and there lag phase (in days, defined
as time when biodegradability reaches 10% of the theoretical value), degradation phase
(tW, defined as time after the lag phase when biodegradation reaches 90% of the final
plateau phase) and plateau phase (Dm, %) can be identified. For interpreting the results,
toxicity information may be useful if biodegradation is low. The test will be considered
valid if the percentage of degradation in vessel FC is higher than 60% on the 14th day and
if the amount of BOD in the blank FB at the end of the test is at about 20 mg/L to 30 mg/L
and doesn’t exceed 60 mg/L after 28 days, if oxygen measurements or DOC elimination
is considered. [29].
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Figure 20. Biodegradability curve and its phases. Y axis is biodegradation degree and X axis time. [21]

Otherwise, if pH value at the end of the test is outside the range 6.0-8.5 and
biodegradation is less than 60%, test should be repeated with lower concentration of test
compound (due to the possible toxic impact of the compound) and with a non-nitrifying
activated sludge as inoculum (or increasing the buffer capacity of the inorganic medium)
[29].

3.2.4

Management of waste polymer materials

Currently, polymer applications range is considerably wide: packaging, automobiles,
agriculture, engineering… When polymeric materials become waste, most of them aren’t
biodegradable. Therefore, microorganisms can’t break them down and they may last for
many years in landfills and the environment. Massive production and use of plastics
makes this material a threat to life in the Earth [30]. Now, the main European strategies
for the waste management in each country are summarised in Figure 21.
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Figure 21. Proportion of waste management options in EU countries. [23]

Polymer recycling is being considered as one of the most widely accepted remedies for
fighting against growing amounts of plastic waste by both the public and scientists.
However, recycling is associated with many difficulties such as problems related to
separation, sorting and cleaning operations, efficiency of particular processes, lack of
fiscal subsidies, instability of selective garbage separation programs, high transport and
electricity costs…
Still, society and authorites agree on the necessity and importance of recycling to protect
the environment, and to reduce energy consumption, municipal solid waste production,
loss of available area due to the concentration of the landfills and greenhouse gas
emission. The recycling eﬀort is almost endless in itself and includes a variety of
approaches such as refurbishing, mechanically reshaping, chemically treating, thermally
utilizing, etc. [31]
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Recycling is the process of using recovered material to manufacture a new product or to
recover energy once material enters the waste stream. Energy recovery, where the highyielding caloriﬁc value of polymer is utilized by controlled combustion as a fuel, presents
lower environmental performance than material recovery as it does not reduce the demand
for new material and may cause emissions and ﬂy and bottom ash containing toxic
residues [31].
According to American Society for Testing and Materials (ASTM) D5033 deﬁnitions
recycling includes four categories: primary (mechanical reprocessing of scrap materials
with controlled history into products with equivalent properties), secondary (mechanical
reprocessing of used materials into products requiring lower properties), tertiary
(recovery of valuable chemical constituents such as monomers or additives) and
quaternary (recovery of energy). Quaternary recycling is also known as incineration,
although is considered a type of recycling process [31].
-

Primary recycling

In this type of recycling materials are recovered and reused without being changed and
usually for the very same purpose. Therefore, the process is simple and low cost but it
only deals with uncontaminated and single-type waste. Purity requirements make the
range of plastics in primary recycling narrow and with limited number of cycles [31].
-

Secondary recycling

This mechanical recycling consists in reprocessing waste plastics by physical means. The
polymeric waste is generally reprocessed into granules by conventional extrusion after
being separated from its associated contaminants. Before manufacturing the end product,
the steps of this process are collection/segregation, cleaning and drying, chipping/sizing,
coloring/aglomeration and pelletization/extrusion. Then, properties of the product are
deteriorated, due to a decreasment of molecular weight as a result of chain-scissions [31].
Moreover, there are plastics that can’t be processed mechanicaly. These plastics are
normally temperature-sensitive, composites, polymeric blends and plastics that don’t
flow at elevated temperatures because of being thermosets or having high melt viscosities.
The main plastics recycled by mechanical processes are PET (polyethylene
terephthalate), HDPE, LDPE and LLDPE (polyethylenes of different densities) [31].
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-

Tertiary recycling

This recycling process is based on the descomposition of plastics to their building blocks
(monomers) or other valuable low molecular weight fragments. Then, from these subunits
repolymerization can be carried out and the original polymer synthesized. This process is
attracting much attention because it is very profitable and beneficial from the
sustainability point of view, reducing the demand for energy and feedstock and creating
a cyclic material flow [31].
Mainly, pyrolysis or thermal cracking is considered one of the most promising processes
of tertiary recycling. It consists in a high-temperature process in the absence of oxygen
(usually in a nitrogen atmosphere) in which polymers are descomposited thermally
through chain scissions. The descomposition products in the form of liquid oil, char
and/or gases are all valuable as fuel or as feedstock for the production of the same or
different plastic materials. If tertiary recycling process produces energetic products with
high contents of carbon and hydrogen atoms and with a low or absent heteroatom
contribution, they may become valuable for production of fuels (automotive gasoline, jet
fuel, diesel products…). Therefore, other valuable materials can be extracted from this
process if they meet a number of strict standards [31].
Pyrolysis can be carried out with or without catalysts, which are usually expensive and
typically they can’t be regenerated. However, catalytic process in lower temperatures has
a faster degradation and narrower fractional composition of products [31].
For chemical recycling of polymers synthesized through “addition polymerization” (PE,
PP, PS, PVC…) gasification, pyrolysis, liquid-gas hydrogenation and steam or catalytic
cracking are the main subcategories. If the polymer was synthesized through
“condensation” (PET, polyamides, formaldehyde resins…) the main subcategories for
chemical recycling would be hydrolysis, glycolysis, methanolysis, aminolysis and
ammonolysis [31].
-

Quaternary recycling (incineration)

The end of life of plastics must be analyzed carefully because it eventually becomes
economically unproﬁtable to recycle them further. A good way to take profit of their
excellent physical properties is using them to road, pavement or asphalt construction.
Otherwise, one of their properties is a high calorific value.
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Quaternary recycling is associated to the recovery of energy content of plastics by
incineration. Nevertheless, this method yields considerable toxic substances both in
smoke and in ashes. Moreover, it’s regarded as environmentally unacceptable and
presents a low energy recovery efficiency. Sometimes it’s considered out of the recycling
methods group [31].
All the exposed options for polymer waste management may be summarised in the next
Figure (Figure 22).

Figure 22. Representation of recycling process and the different possibilities. [31]

Landﬁlling is considered the least desirable management strategy and should be limited
to the necessary minimum. Yet, landﬁlling has also been regulated, e.g. by the European
Commission with the Council Directive 99/31/EC to reduce the negative eﬀects of
landﬁlling on water, air and soil sources [31].
Beyond the concerns related to collection, transportation and long-term risks of soil and
groundwater contamination by toxic additives, a major drawback of landﬁlling arises
from a sustainability aspect. This means that none of the materials used to produce the
plastic is recovered, so the material ﬂow is linear rather than cyclic, and the same also
happens for energy input [32].
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Most polymers aren’t biodegradable and they may last for many years in landfills, filling
them and taking lot of time to decompose (landfills aren’t designed to quickly break down
the waste). When the landfill has reached its capacity, the waste is covered with clay and
another plastic shield. Because of the lack of oxygen, bacteria in the waste produce
methane gas, which is highly flammable and dangerous if allowed to collect underground.
It is also a potent greenhouse gas and contributes to global warming. This is the reason
that it should be caught and treated properly to avoid long term environmental impact of
the landfill [32].

3.3 Life Cycle Assessment of polyenaminones

The Life Cycle Assessment (LCA) is an assessment of the environmental impact of a
product, which includes all its stages since the beginning of it’s production until it’s use
and it’s subsequent recycling, reusing or disposal (see Figure 23). This assessment is very
important to know how to reduce the environmental impact of any production and
increase it’s sustainability [33].

Figure 23. Life Cycle Assessment [35]

The main stages of LCA are: Goal and scope definition, inventory analysis (inputs and
outputs), impact assessment, interpretation and communication. In the part of
comunication, LCA results are presented with a report. Therefore, as they are already
going to be reported and analysed, this last chapter of LCA isn’t going to be carried out
[34].
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3.3.1

Goal and scope

The goal of the study is to carry out an approximated analysis of the life steps for a
determined amount of polyenaminone. The underlying motivation is to obtain the ability
to assess the life cycle of a product and a point of view with perspective of the entire life
cycle, with all the subsequent processes. The study is carried out to put knowledge into
practice and fulfill the goals of the chapter and the research work.
The scope may be relatively limited due to the lack of literature and laboratory data and
the absence of a software for carrying out the study, so it’s going to be an approximation.
The first part of the assessment is the polymer production through synthesis and the
environmental impact that it can cause. Then, after polymer use, how to proceed with it
when it becomes a waste is also studied. Each step is done from an environmental
perspective, with the analysis of the different environmental impacts (gas emission,
waste…) and possible risks. However, polyenaminones biodegradability hasn’t been
determined yet, which may make the LCA closer to just a general statement than to a
professionally made assessment.

3.3.2

Inventory analysis

In this step data collection, methods of calculations and quantification of inputs and
outputs of the system are performed.
The produced polyenaminone is 4ab. According to the exposed procedures and criteria,
this polyenaminone is formed by the union of the bis-enaminone 2a and pphenylenediamine dihydrochloride (3b), represented in Figure 24:

Figure 24. Polyenaminone 4ab [35]
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Due to the absence of the polymerization degree, the molecular weight of the polymer is
being considered as the molecular weight (Mw) of the monomer.
𝑀𝑟(𝑁) = 14

𝑔
𝑔
𝑔
𝑔
; 𝑀𝑟(𝐶) = 12
; 𝑀𝑟(𝑂) = 16
; 𝑀𝑟(𝐻) = 1
𝑚𝑜𝑙
𝑚𝑜𝑙
𝑚𝑜𝑙
𝑚𝑜𝑙

𝑀𝑟(4𝑎𝑏) = 2 · 𝑀𝑟(𝑁) + 18 · 𝑀𝑟(𝐶) + 2 · 𝑀𝑟(𝑂) + 14 · 𝑀𝑟(𝐻)
𝑀𝑟(4𝑎𝑏) = 2 · 14 + 18 · 12 + 2 · 16 + 14 · 1 = 290

𝑔
𝑚𝑜𝑙

The produced quantity is going to be 1 kg of polyenaminone 4ab. From this mass, the rest
of reagents quantity can be calculated.
1000𝑔(4𝑎𝑏) ·

1𝑚𝑜𝑙(4𝑎𝑏)
= 3,448 𝑚𝑜𝑙(4𝑎𝑏)
290𝑔(4𝑎𝑏)

Stoichiometry is 1(2a) : 1(3b) : 1(4ab), therefore looking at the molecular structures in
Figure 3 and Figure 4:
𝑀𝑟(2𝑎) = 2 · 14 + 16 · 12 + 2 · 16 + 21 · 1 = 273

𝑔
𝑚𝑜𝑙

𝑀𝑟(3𝑏) = 2 · 14 + 6 · 12 + 2 · 35,5 + 10 · 1 = 181

𝑔
𝑚𝑜𝑙

3,448 𝑚𝑜𝑙(2𝑎) ·

273𝑔(2𝑎)
= 941,304 𝑔(2𝑎)
1𝑚𝑜𝑙(2𝑎)

3,448 𝑚𝑜𝑙(3𝑏) ·

181𝑔(3𝑏)
= 624,088 𝑔(3𝑏)
1𝑚𝑜𝑙(3𝑏)

And in the obtention of
1(1a) : 2(DMFDMA) : 1(2a)

the

bis-enaminone

2a,

𝑀𝑟(1𝑎) = 10 · 12 + 2 · 16 + 10 · 1 = 162

3,448 𝑚𝑜𝑙(2𝑎) ·

the

𝑔
𝑚𝑜𝑙

1𝑚𝑜𝑙(1𝑎)
= 3,448 𝑚𝑜𝑙(1𝑎)
1𝑚𝑜𝑙(2𝑎)
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stoichiometry

is

3,448 𝑚𝑜𝑙(1𝑎) ·

162𝑔(1𝑎)
= 558,576 𝑔(1𝑎)
1𝑚𝑜𝑙(1𝑎)

𝑀𝑟(𝐷𝑀𝐹𝐷𝑀𝐴) = 14 + 2 · 16 + 5 · 12 + 13 · 1 = 119

3,448 𝑚𝑜𝑙(2𝑎) ·

𝑔
𝑚𝑜𝑙

2𝑚𝑜𝑙(𝐷𝑀𝐹𝐷𝑀𝐴)
= 6,896 𝑚𝑜𝑙(𝐷𝑀𝐹𝐷𝑀𝐴)
1𝑚𝑜𝑙(2𝑎)

6,896 𝑚𝑜𝑙(𝐷𝑀𝐹𝐷𝑀𝐴) ·

119𝑔(𝐷𝑀𝐹𝐷𝑀𝐴)
= 820,624 𝑔(𝐷𝑀𝐹𝐷𝑀𝐴)
1𝑚𝑜𝑙(𝐷𝑀𝐹𝐷𝑀𝐴)

Finally, the mass inputs for the synthesis of 1 kg of the polyenaminone 4ab are
summarised in Table 5:
Table 5. Mass inputs for polyenaminone 4ab synthesis

Substance

Input (g)

1,3-Diacetylbenzene (1a)

558.576

DMFDMA

820.624

p-phenylenediamine dihydrochloride (3b)

624.088

It is also needed anh. xylene or other organic solvent for bis-enaminone’s formation, and
methanol as solvent for polymerization.
The reactor for both processes can be (regarding only main options): discontinuous
reactor, continuous stirred tank reactor (CSTR) or tubular reactor.
Thermal and electric energy are also needed fot heating the reaction mixture in the reactor
and for homogenizing it until the process is accomplished. The thermal energy could
come from electricity through an electric resistance, because in the process there isn’t
residual heat that could increase the temperature of a water current which goes to a heat
exchanger.
If depolymerization is carried out as waste management of polyenaminones, distillation
and liquid-liquid extraction processes are needed, which would include as inputs:
-

Addtion of dimethylamine (large excess) for depolymerization.

-

Use of a suitable organic solvent (dichloromethane, ethyl acetate, etc.) for
washing a solution of a mixture of bis-enaminone and diamine.
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-

Use of hydrochloric acid (1 M) to protonate the more basic diamine to give the
corresponding diamine dihydrochloride.

-

Need of electric and thermal energy for mainly agitation and heating the mixtures
during the process.

And as outputs:
-

During depolymerization and the following separation operations ethanolic
dimetylamine is efficiently recovered (in the distillations).

-

In the liquid-liquid extraction, the less basic bis-enaminone isn’t protonated by
the hydrochloric acid and remains dissolved in the organic solvent.

-

Bis-enaminone and diamine dihydrochloride would be finally obtained for later
repolymerization.

In Annex A the flow diagram summarises the life cycle of 1 kg of polyenaminone 4ab.

3.3.3

Impact assessment

Polyenaminones are currently studied in laboratories in terms of polymers synthesis and
their chemical recyclability, so they can be evaluated as a waste although they haven’t a
determined application after their production process.
Without an evaluation of their degradability and after the research of their ability to have
a closed-loop life cycle through depolymerization and monomers (or even reagents)
recovery, it can be said that polyenaminones may be part of a reflection of a sustainable
future in polymers industry. Although they need many days to be synthesized, which
means a relatively high expenditure mainly for thermal energy and agitation, the waste
may be efficiently managed due to two main factors:
-

On one hand, they can undergo chemical degradation in water to form diamines
and, most probably, the initial diketones rather than hydrolytically less stable bisenaminones. Therefore, they normally hydrolyse easily in aqueous solutions in a
neutral pH after a prolonged exposure. Nevertheless, this exposure would take a
time interval which hasn’t been determined due to the lack of experiments, but it
can be concluded that these polymers may be partially biodegradable in terms of
aquatic biodegradability. Therefore, they would biodegrade within much shorter
period than persistent plastics, helping partially to solve the current microplastic
pollution issue because of their ability to be supposedly degraded within a few
months.
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-

3.3.4

On the other hand, depolymerization through base-catalysed transamination that
ends with monomers recovery may also be carried out from polyenaminones
waste. With separation operations after it, repolymerization may take place and
therefore a sustainable close-loop life cycle is reached. Thus, this class of
polymers are going to play an important role in the challenge of having a chemical
circularity of plastics.

Interpretation

As it has been studied, synthesis takes days and need relatively high temperatures and
constant stirring. Nevertheless, the energy costs aren’t especially high, and their waste
management seems to be efficient and with a minimum environmental impact. Actually,
general chemical processes need energy because of the necessary heat input, separation
operations, agitation… And one of the main tasks of their design is always how to do it
as efficient as possible, taking profit of all possible outputs such as residual heat, waste,
emissions, etc. Therefore, LCA is really useful for analysing the process from a general
perspective and then focusing on each step and its particularities.
Despite this study has some limitations that may leave fewer solid conclusions, it can be
said that this research area has a big importance in the current issue with plastics and
pollution. The lack of experimental part leaves synthesis efficiency relatively unknown
but it has been proved from scientific articles and parallel experiments that
polyenaminones recycling is possible and also their degradation in the environment,
especially in aquatic ecosystems could proceed. Thus, LCA has helped to see that the
waste in this process (synthesis and waste management) and the environmental impact
are minimal.
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4 Conclusions
The aim of the work was to study different ways of synthesis of polyenaminones and
assess their environmental impact and fate through life cycle assessment (LCA), mainly
in terms of their biodegradability. The sets of evidences and reasonings that have been
carried throughout this research work leave several conclusions, which can be generally
divided by two areas: polymer science (specially synthesis, recyclability,
biodegradability) and plastics pollution.
In polyenaminones synthesis several operations have been carried out, showing their
importance in polymers production and also their utility in a lot of chemical processes:
distillation, liquid-liquid extraction, reactors design and performance… And also organic
solvents: they are usually volatile organic compounds that are used alone or in
combination with other agents to dissolve raw materials, products or residual materials.
They may also be used as a cleaning agent, to modify viscosity, as a surfactant, as a
plasticizer, as a preservative or as a carrier for other substances that, once deposited, are
fixed and the solvent evaporates (here distillation intervens). Therefore, the range of their
usage is completely wide.
Polymerization can take place in many different ways such as chain-reaction (addition)
and step-reaction (condensation) mainly. In the case of polyenaminones, the monomer
(bis-enaminone) is prepared previously with DMFDMA, a methylating reagent, and an
organic solvent (anh. xylene). Obtained bis-enaminones are suitable as monomers except
the ortho-substituted ones (and the same happens with the phenylenediamines) which can
result in cyclisation instead of being polymerized. Finally, with an acid-catalysed
transamination polymerization is carried out (with methanol). The synthesized
polyenaminones are practically insoluble in organic solvents resistant to diluted acids and
bases and degradable through hydrolysis in concentrated acid. Besides this, both
polyenaminones and heterotrimers are able to absorb UV light at wavelenghts below 470
nm, so they may be have potential in optical and optoelectronic applications. After their
production and supposed use, they also show chemical recyclability through basecatalysed transamination, followed by distillation and liquid-liquid extraction. Thus,
polyenaminones become high-value materials which could be use in plastics industry for
development of closed-loop life cycle plastics with reduced carbon footprint. Besides this,
as some studies of enaminones show, polyenaminones may be hydrolytically degraded
after prolonged exposure in water ecosystems. Therefore, they would be partially
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biodegradable after they decompose into shorter molecules and microorganisms that are
present in the water have enough time to degrade them in appropiate conditions.
Otherwise, this type of research that deals with possible paths which lead researchers to
the development of sustainable plastics is currently a big need. Conventional polymers of
nowadays have wide range of applications but significant part of them is produced from
non-renewable resources and accumulated in landfills and nature although their recycling
may be relatively efficient. In fact, some of them have subsequent products along their
synthesis that have toxic properties which also cause damage both to human health and
the environment. Therefore, it is proved that society has currently the need of carrying
out a revolution in plastics industry. As it has evolved, REACH was created with the aim
of regulating chemicals industry and their hazards and thus providing high level of
protection for humans and environment. Then, innovation and competitiveness are
enhanced and alternative methods for assessment of the hazardous properties of
substances are promoted.
It is important that change comes from everywhere: individuals, entrepreneurs, the public
sector, manufacturers and distributors. It’s a race against time, so it’s necessary to have
initiatives that promote best practices that can range from innovative solutions to
programs that promote the transformation of the supply chain with recycled materials, to
public policies that involve the entire society.
It is also clear that recycling isn’t the solution that is going to solve the current issues in
this industry. In Colombia, according to Greenpeace, 1.250.000 tons of plastic are
consumed annually and according to the National University, 45% of our waste is plastic.
Of this abysmal consumption, 93% is not recycled. The result: every year around the
world, the 150 million tons of plastic in the sea add 8 to 13 million more, which is
equivalent to throwing a garbage truck full of plastic into the sea every minute [36]. So,
recycling may be efficient and can help to increase plastics sustainability but it’s
demonstrated that it isn’t enough.
It is necessary a change of the paradigm, and that instead of continuing to see and hear
repeated that plastic is not the problem and that the fault lies with waste management, let
society focus the efforts on finding alternatives to single-use plastics and in creating habits
that transcend the disposable. Part of this change will come from the development of biobased and biodegradable polymers, where studies like polyenaminones synthesis and
their chemical recyclability and possible biodegradation in the environment belong.
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6 Annex A: LCA diagram
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