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1 Study of the biodegradation in soil of new
generation plastics

1.1 Introduction

“Plastic” derives from the Greek wordslactixdc (plastikos) or ziaotog
(plastos) meaning fit for moulding or moulded respectivdlyrefers to the
material malleability, or plasticity during manufae, that allows it to be
cast, pressed, or extruded into a large varietshapes (films, fibres, tubes,
bottles, boxes...).

Humanity first used natural materials with plastimperties (e.g., clay,
amber, arabic rubber, caucciy,..then developed chemically modified
natural materials (e.g., rubber, nitrocellulosdlagen) and, finally (around
100 years ago), developed the wide range of comlpleynthetic materials
that, nowadays, we recognise as modern plastics.

In the mid-nineteenth century the Parkesine and pblgvinyl chloride
(PVC) were invented. The first is the earliest egbarof synthetic polymer
today known as celluloid, the second is the thirdstmwidely produced
plastic after polyethylene and polypropylene. Néhaess Leo Baekeland
marked a turning point by creating, in 1907, th&kaige (a condensation
product of phenol and formaldehyde) that is considethe first real
synthetic man-made plastic.

The first decades of the twentieth century saw itneention and the
production of the first plastic packaging matef@dllophane) and of the first
coloured plastic, obtained combining formaldehydarbon dioxide and
ammonia with coloured powder. Nylon was first swysized in 1935;
polystyrene, polyethylene, polyethylene-terephtigatnd silicones (widely
used today) were developed during the second waedd period. In 50s
nylon and lycra became a major force in the clghiustry and decorative
laminates, such as formica, were widely used (WMasgtjitseurope.org).
Plastic is relatively low cost and easy to be maatufred; it is versatile and
colorable and the end products are generally lighght; it is water resistant
and have excellent thermal and electrical insulatfyoperties; plastic
materials are resistant to corrosion and microdsgas attacks.

A lot of work was made in order to increase théiita of these materials
and now plastics are used in an extensive and expgmange of products.
Plastic is widely used in packagirffpr food conservation), building and
construction (for applications such as window framer pipes),
transportation, electrical and electronic, agrimdt (mulching films,
greenhouses...), medical and health, sport, leigure.result is that most of
the objects that we use daily are made of plaRtestic has become one of
the symbols of XX century.



The production of plastic has increased from ardddnillions tons in 50s
to over 200 million tons today. As a consequenctefeconomic crisis, the
global production decreased from 245 million tonime2008 to 230 million
tonnes in 2009, but Europe remained one of the mpagmlucing, with about
25 % of the global production (Plastics - the Fac910,
www.plasticeurope.org).

At the beginning of theplagtic age” (40s) Yarsley and Couzens predicted
many of the current applications and of the besdfiat would derive from
the use of plastic, but not the problems associai#d the management of
plastic waste and debris (Thompson et al., 2009a).

The intense use of plastics contributes to incrélaseamount of municipal
waste. Plastics are durable and degrade very sldullyshort time ago, at
the end of their life they were generally discar@ed disposed in landfill,
where they can persist for hundreds of years. iPladebris have
accumulated in the environment, from the poles&dquator, in particular
in the oceans (Gregory, 2009; Ryan et al., 2008 ihcineration is not a
solution: in some cases, plastic burning can reld¢asic emissions (from
PVC, for example, dioxins can be created), hazardouthe environment
and the human health. Moreover the manufacturinglasgtics can create
large quantities of chemical pollutants: phthalatemmonly used as
plasticizers, can be released in the environmedt, tmgether with bisphenol
A, can be detected in aquatic environment, in dunst, because of their
volatility, in air (Thompson et al., 2009a).

In order to solve both environmental and humanthgaioblems, in the last
decades the attention has been focused on thetipbteolutions, with
particular attention for the management of plastaste. Reduce, reuse, and
recycle are the “three Rs” that has been advocaeal solution (Thompson
et al., 2009b). However, for some applications,imaportant alternative to
the conventional plastic materials can be foundthie use of the new
generation materials: the biodegradable polymers.

Biodegradable plastics are seen by many as a@oligi the “environmental
plastic problem” because they are environmentaigntlly (Tokiwa et al.,
2009). They can be produced from fossil materialsr (example
polycaprolactone or poly(butylene succinate)), am derived from biomass
or renewable resources (starch, poly(lactide) acidoly(hydroxybutyrate)),
but their most important property is their biodetgaility. Actually, a plastic
material can be defined as biodegradable onlgiflégradation results from
the action of naturally occurring microorganismstsas bacteria, fungi or
algae (ASTM D883, 2008 and ISO 472, 1993). For etanpolyethylene or
nylon are not biodegradable even if they can belywed from biomass or
renewable resources (Tokiwa et al., 2009).

Biodegradation is the process by which microorgasjsunder aerobic or
anaerobic conditions, convert an organic compoutadarbon dioxide (and



or methane) water and mineral salts of any oth@meht present
(mineralization) plus new biomass. The completedégradation reactions
can be described as:

C polymer+ Oz - Coz+ HZO + Cbiomass+ Cres,idue
C polymer — COZ + CH4'|' C biomasst Cresidue

The process is generally affected by the amountd #&pes of
microorganisms and by their activity rates as vel by environmental
parameters such as moisture, temperature, pH, oxygaitrients,
etc....(Muller, 2003; Krzan et al., 2006).

Generally, polymers are hydrophobic and high md&cweight materials,
so that biodegradation can be considered as atpopsocess. Extracellular
enzymes (i.e., enzymes released by microbial getls the surrounding
environment) are secreted by the organisms perfgyrfie first step of the
degradation process. The result is the generatibnwater-soluble
intermediates, that can be transported into theaoiganisms and used in
the appropriate biochemical pathways (Muller, 2003je final result is that
biodegradable plastics can be naturally recyclednfigroorganisms to
produce useful metabolites (monomers or olygomé®&pss and Kalra,
2002; Tokiwa et al., 2009).

Biodegradable polymers have been developed sin@@sl@nd in about
twenty years the global annual production has redgclin 2007, about
230,000 tons (European Bioplastics, 2008). The okebiodegradable
polymers in specific applications and sectors caat alternative to landfill
disposal and can thus reduce the cost of waste gearent and the
accumulation in the environment.

For example, the catering produ¢tsays, cups, plates, cutlery) can simply
be composted after the used and the use of confp@staste bags to collect
organic waste can improve the performance of theposting process and
the compost quality. In agricultural applicatiore tbiodegradable mulch
films can be left on the field after their use awiter the opportunity to
reduce labour and disposal cost.

The industrial development of new biodegradablestma has been
accompanied by parallel development of suitablendsted and criteria
defining the compostability (ASTM D6400, 2004; ASTIM868, 2003; EN
13432, 2002), the biodegradability in soil (ASTM @38, 1996; ISO17556,
2003) or in synthetic aqueous media (ISO 1485191880 14852, 1999).

Generally laboratory test methods are based oreviaduation of the net
carbon dioxide production (the amount of £évolved from the substrate
added with the test material minus the amount of E@lved from the

substrate (blank)) or on the measurement of thexygen consumption.



Tests in aqueous media are relatively easy to réedaout and include the
possibility of establishing a carbon balance maaguthe growth of new
biomass deriving from the biodegradation of testemal (Longieras et al.,
2004; Muller, 2003). However, they don't represtm real conditions in
which biodegradable plastics are generally disposedcomposting plants.
Therefore, the so called controlled compostingstesre developed. In these
tests, the material is mixed in mature compostylated at 58° C and the
CO, evolution is monitored. Compostability is somethimore than
biodegradability. In particular: the material mudisintegrate sufficiently
during the composting process and at least 90 # ofganic fraction must
be converted into CQOwithin six months. The test material must not have
negative effects on the composting process, thepostuality must not be
modified and no toxic effects should occur (ISO3342002). Tests in solid
media, even if more representative of natural donh, involve some
problems, related, first of all, to the presencecafbon in the medium
(Longieras et al, 2004). The background ,G&olution can be strongly
affected by presence of the test material (priméifgct) and this can
decrease the accuracy in the determination of cadohtance (Muller, 2003).
To solve this problem the biodegradation is reférte a degradable
reference substance (generally cellulose) incubatdtie same conditions,
or, as an alternative, the compost matrix can peced by a synthetic solid
medium (vermiculite) enriched by microorganismsrasted from compost
(Bellia et al., 1999; Longieras et al., 2004).

With the increasing use of biodegradable plasticagriculture, the study of
the biodegradation in soil has received intenseerést, but the
standardization of test methods is difficult (Mu)l2003). Sall, in fact, is a
complex matrix: its natural properties can be \different in different sites
and can not be controlled in nature. In compostasjs, on the contrary,
parameters such as pH, temperature, moisture agrébiial community can
be defined in order to obtain the optimal condiidar the process. In soil,
the biological activity and the temperatures axeelothan in composting, so
that biodegradation in soil is slower than in costpégricultural soil is also
the medium for the production of food for humand arattle, so the
definition of standard test methods and of spedifiteria to verify the
biodegradability and the absence of eco-toxic &féc soil are required
(Degli Innocenti, 2005). In 1996 a standard methveas published for
determining aerobic biodegradation in soil of plastaterials by measuring
the amount of carbon dioxide evolved in a closespiremeter (ASTM
D5988, 1996). In 2003, ISO published a standarchatefor determining
the biodegradation rate of plastic material in ®gilmeasuring the oxygen
demand or the amount of carbon dioxide evolvedvardilated respirometer
(ISO 17556, 2003). As in composting tests, the djgoddability is evaluated
by measuring the COproduction. Nevertheless, in order to describe
completely the biodegradation process, it is vempdrtant to quantify and



identify possible by-products (Bellia et al., 19980d to determine the
amount of carbon linked to the new generated bismas

The determination of possible by-products or of thaterial residues is
possible by soil extraction with appropriate sobgeand by analyzing the
extracts. Biomass determination, instead, isatilunsolved problem.

Soil microbial biomass (SMB) is defined as the “ma$ intact microbial
cells in a given soil” (ISO 14240, 1997). It islidnced by soil physical
parameters (temperature, moisture and texture) bpdits chemical
composition (such as the concentration of carbdastsate). It is responsible
for the degradation of organic matter, the stabitif aggregates and the
cycle of most nutrients in soils, so it is gengralliantified in order to assess
the soil fertility, the potential ability to degraddded organic materials, and
the effects of added materials on the natural rbietopopulation (ISO
14240, 1997).

Literature reports different methods for determinimicrobial biomass in
soil. They are based on the measurement of theasipm@bility to mineralize
an added carbon source as substrate-induced tempi(8IR) (Wardle and
Parkinson, 1990; Lin and Brooks, 1999) or on pHygsgiical analysis such as
the determination of extractable phospholipidsyfaitids (PLFA) (Bailey
and al., 2002) or biochemical assays to ATP detaatian (Contin et al.,
2001; Martens 2001). Fumigation incubation methdzhséd on the
comparison between respiration before and afterstdilesample has been
fumigated with chloroform) or extraction methodshaft measure the
difference between extractable C in fumigated amdfumigated soll
samples) are described by standard methods (IS@014297). However,
such methods are not able to provide the neededtdastimate the overall
carbon balance in biodegradation processes. Therebit in soil
biodegradation test is, in fact, to quantify alktkxtra biomass and the
organic matter formed as a result of the biodedrawlaf the test material
(independently whether biomass is still intact of)n

1.2 Structure of the research

The experimental work concerned the study of tliferdint aspects of the
biodegradation of new generation plastics in sditention was focused at
the fate of the possible by-products of biodegréeapolymers (the

monomers) and at the determination of the biomasemted during the
process. Mineralization in soil of a model polyestppositely synthesised
for this study by Novamont S.p.A. (Italy), was sadiand an attempt of
carbon balance was realised.



In particular:

1. The mineralization of ten monomers, chosen betwhenmost widely
used for the synthesis of plastic materials, wasetk according to
ASTM D5988 (1996). The effects of the soil pH o thineralization
was evaluated by respirometric tests and the expetal data were
used to validate a numerical model that could edgnthe amount of
carbon used by microorganism for biochemical sysithe

2. The mineralization of the model polyester was itigased by
respirometric tests, and cellulose was used asatoiite effects of the
initial soil pH and of the addition of organic nettvere investigated in
different soil mixtures.

3. The sensitivity of the combustion method for deterng the amount of
organic matter and biomass in soil samples wasiated by adding to a
natural and a synthetic soil different amountsrganic matter.

4. In order to describe carbon balance during the dgjcatation of the
model polyester, biomass production and polyegtsidues in soil were
estimated. Biomass and organic matter, deriving bylyester
biodegradation, were studied by combustion of saihples at 550° C.
Polyester residues were estimated by extractionsoixhlet of soil
samples (with chloroform). The extracts were alsaracterized byH-
NMR and*P-NMR acquisitions and GPC.

10



REFERENCES

(0]

ASTM D5988, 1996. Standard test method for detemgiraerobic
biodegradation in soil of plastic material or resiiplastic material after
composting.

ASTM D6400, 2004. Standard specification for comabke plastics.

ASTM D6868, 2003. Standard specification for bia@eigble plastics
used as coatings on paper and other compostaldt atas.

ATM D883, 2008. Standard terminology relating tagtics.

Bailey V.L., Peacock A.D., Smith J.L., Bolton H,22002. Relationships
between soil microbial biomass determined by clitoro fumigation—

extraction, substrate-induced respiration, and jphalipids fatty acid

analysis. Soil Biology & Biochemistry 34, 1385-1389

Bellia G., Tosin M., Floridi G., Degli Innocenti F1999. Activated
vermiculite, a solid bed for testing biodegradaypilinder composting
conditions. Polymer Degradation and Stability 6&,78.

Contin M., Todd A., Brookes P.C., 2001. The ATP @amtration in the
soil microbial biomass. Soil Biology & BiochemistBg, 701-704.

Degli Innocenti F., 2005. Biodegradation behaviotipolymers in the
soil. In Bastioli, C. (ed). Handbook of biodegralapolymers. Rapra
Technology, 57-102.

Gregory M.R., 2009. Environmental implications dagiic debris in
marine settings entanglement, ingestion, smothghiaggers-on, hitch-
hiking and alien invasions. Philosophical Transisioof the Royal
Society B 364, 2013-2025.

Gross R. and Kalra B., 2002. Biodegradable polym&rs the
environment. Science 297, 803-807.

ISO 14240, 1997. Soil quality - Determination oil saicrobial biomass
- Part 2: Fumigation-extraction method.

ISO 14851, 1999. Determination of the ultimate berdiodegradability
of plastic materials in an aqueous medium. Methpdrigasuring the
oxygen demand in a closed respirometer.

ISO 14852, 1999. Determination of the ultimate berdiodegradability
of plastic materials in an agueous medium. Methgdabalysis of
evolved carbon dioxide.

ISO 17556, 2003. Determination of the ultimate berdiodegradability
in soil by measuring the oxygen demand in a reamter or the amount
of carbon dioxide evolved.

ISO 472, 1993. Plastics-vocabulary, amendment e terms and
terms relating to degradable plastics.

11



Krzan A., Hemijinda S., Miertus S., Corti A., Chiell E., 2006.
Standardization and certification in the area ofvimmmentally
degradable plastics. Polymer Degradation and $ta8il, 2819-2833.

Lin Q., Brookes P.C., 1999. An evaluation of thésttate-induced
respiration method. Soil Biology & Biochemistry 31969-1983.

Longieras A., Copinet A., Bureau G., Tighzert LOOZ. An inert solid
medium for simulation of material biodegradation éompost and
achievement of carbon balance. Polymer Degradatiwh Stability 83,
187-194.

Martens R., 2001. Estimation of ATP in soil: extras methods and
calculation of extraction efficiency. Soil Biolog§ Biochemistry 33,
973-982.

Muller R.J., 2003. Biodegradability of polymers:guations and
methods for testing. In: Biopolymers Vol. 10, A.efbuchel (ed.)
Wiley-VCH, Weinheim, 365-392.

Plastics - the Facts 2010. An analysis of europ@astics production,
demand and recovery for 2009. Published online atolégr 2010
(www.plasticeurope.org).

Ryan P.G., Moore C.J., van Franeker J.A. and MgloGd.., 2009.
Monitoring the abundance of plastic debris in tharime environment.
Philosophical Transitions of the Royal Society Bl 36999-2012.
Thompson R.C., Swan S.H., Moore C.J. and vom S&al| B009b. Our
plastic age. Philosophical Transitions of the R&@atiety B 364, 1973—
1976.

Thompson R.C:, Moore C.J., vom Saal F.S., Swam, 2009a. Plastic,
the environment and human health: current consearsdiguture trends.
Philosophical Transitions of the Royal Society Bl 38153-2166.
Tokiwa Y., Calabia B.P., Ugwu C.U., Aiba S., 208%degradability of
plastics. International Journal of Molecular Sciend0, 3722-3742.
UNI EN 13432, 2002. Requirements for packaging vecable through
composting and biodegradation - Test scheme arndadian criteria for
the final acceptance of packaging.

Wardle D.A., Parkinson D., 1990. Response of thé sucrobial
biomass to glucose, and selective inhibitors, acrassoil moisture
gradient. Soil Biology & Biochemistry 22, 825-834.

Web sites:
0 www.european-bioplastics.org
0 www.plasticeurope.org

12



2 Mineralization of monomeric components of
biodegradable plastics in soil

Michela Sotto @ Maurizio Tosin °, Francesco Degli Innocenti °,

Valeria Mezzanotte #

4Universita degli Studi di Milano Bicocca, Dipartimte di Scienze
dellAmbiente e del Territorio, Piazza della Scient, 20126 Milano, Italy

"NOVAMONT SpA, Via Fauser, 8, 28100 Novara, Italy

ABSTRACT

In the last twenty years, a new generation of magwas developed: the
biodegradable plastics. They reduce the accumaulatib plastic in the
environment and the cost of waste management bedhag can be fed in
composting plants or, if used in agriculture (muitms), they are applied to
the soil and left there. Ten monomers were chosgong the most used in
the synthesis of biodegradable polymers (1,2-etttiahel,4- butanediol,
1,6- hexanediol, adipic acid, azelaic acid, sebacic, terephthalic acid,
glucose, lactic acid and succinic acid) and testsmbrding to ASTM 5988-
96 (a standard test method for determining aerbioidegradation in soil of
plastic materials measuring the carbon dioxide wiai). Two agricultural
soils, collected in two different sites in Italy,eve used to evaluate the
mineralization rate of the monomers. Four test® (teplicates each) were
carried out for 27-39 days. Experimental data showelevant differences
in the respirations of the two soils and in theboardioxide productions of
the tested monomers. The final mineralization pdragas 42-45 % for
glucose, succinic and lactic acid and 50-56 %Herdther monomers.

KEYWORDS biodegradable plastic; biopolymenonomer; mineralization

Avrticle submitted to Water Air and Soil Pollution
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2.1 Introduction

Plastic is a general common name given to synthetiganic and high
molecular weight polymers suitable for the manufeet of industrial
products. It refers to their malleability or pla#ty during manufacture that
allows them to be cast, pressed, or extruded int@r@rmous variety of
shapes and objects (films, fibers, plates, tubetiels, boxes, and much
more) which found wide applications in every aspaclife and industries.
Plastic objects are easy to produce, have higlopeainces and generally
can not be attacked by microorganisms and so tteepat biodegradable. A
problem in their use is the accumulation in theiremment. To overcome
this problem the efforts of academic and industwallds have joined to
produce a new generation of plastic materials: tioelegradable plastics,
often made of polyesters. Besides reducing the ofskaccumulation of
plastic materials in the environment, the productod use of biodegradable
polymers involves considerable reduction in thet @dsvaste management
(Tokiwa et al., 2009). Furthermore, biodegradaléstcs can be recycled to
useful metabolites (monomers or olygomers) by naiganisms.

In the last twenty years, the increasing develogmean biodegradable
plastics has promoted initiatives to develop forstahdards and laboratory
test methods to assess the ultimate environmemtaaviour of plastics
(Chiellini et al., 2007). Several international arational organizations have
issued standard test methods to simulate the fdimdegradable plastics in
different environments. In the 1990s most of therkvavas focused on
biodegradation under composting conditions. Theaedor this preference
was linked to the concurrent trend in solid wassmagement policy, which
aimed at reducing the use of landfill to as leaspassible while promoting
recycling. Consequently, criteria and standard testhods were needed in
order to verify the compatibility of plastics witbomposting and this
stimulated research and standardisation (Deglidant, 2005).

However, several products made with biodegradablgmers, for instance
the plastics used in agriculture (mulch films), aa fed to a composting
plant at the end of their life, but just appliedstl and left there. Since the
agricultural soil is the medium for the productiohfood for humans and
cattle, the absence of negative effects due tanttsitu disposal of plastics
and of residue build-up are matters of concernirii&in of standard test
methods and of specific criteria to verify biodetahility and absence of
eco-toxic effects in soil are nowadays requiredltoify all these issues and
launch the marketing of safe biodegradable polymeragriculture (Degli
Innocenti, 2005). In 1996 a standard method foremeining aerobic
biodegradation in soil of plastic materials by measy the amount of
carbon dioxide evolved in a closed respirometeetam was published by
the American Society for Testing and Materials (AM5%988-96). In 2003, a
standard method for determining the biodegradatide of plastic material
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in soil by measuring the oxygen demand or the amoficarbon dioxide
evolved in a ventilated respirometer was publish®® 17556, 2003).

The biodegradation of polymers is normally refertedas an attack by
microorganisms on non-water soluble polymer-basederals (plastics)
(Muller, 2003). It is a complex process in whicle ttarbon of the polymer is
converted into carbon dioxide (mineralization) asmdmass. Extracellular
enzymes (i.e. enzymes released by microbial celis the surrounding
environment) are secreted by the organisms pernfgritie first step of the
degradation. In case of polyesters, enzymes arecég to catalyze the
hydrolysis of the ester bonds and cut the solidirtyghobic polymer into
olygomers and monomers, which are released in tr@omment. Due to
their low molecular weight and water solubilityei® can pass through the
cell membrane and be then metabolized by microesgen (Tokiwa and
Suzuky, 1974; Tokiwa and Suzuki, 1977; Herzog et28l06; Muller, 2006).
The simple depolymerization can actually lead tee thuild-up of
environmental concentrations of olygomers and maremand to their
transfer from one environmental component to amo{Pegli Innocenti,
2005).

The aim of this work was to evaluate the minerailirain soil of different
monomers which are generally used in the productibrbiodegradable
plastics. Ten monomers were tested according to M\SP88-(96), the
above mentioned standard method for determiningbéebiodegradation in
soil of plastic materials.

2.2 Materials and Methods

2.2.1 The tested substances

Ten monomers, used in the synthesis of potentiatigegradable polymers,
were tested by respirometric test in soil: 1,2-eéuhol, 1,4- butanediol, 1,6-
hexanediol, adipic acid, azelaic acid, sebacic,dem@phthalic acid, glucose,
lactic acid and succinic acid.

1,2-Ethanedio(C,HsO,) is an organic compound widely used as automotive
antifreeze and as raw material in plastic productits is an odorless,
colorless and sweet-testing liquid produced frome tieaction between
ethylene oxide and water. The reaction can beyzdlby either acids or
bases, or can occur, at neutral pH, at high teryrers(Rebsdat and Mayer,
2002). The ethanediol is an important monomer ugsethe synthesis of
polyester fibers and resins: polyethylene teregateaused to make plastic
bottles for soft drinks (for example) is prepareoii ethylene glycol. It is
one of the constituents of Sky Green (made of adigid, succinic acid,
butanediol and ethylene glycol), a biodegradablgrper produced by SK
Chemicals (Korea) (Lee at al., 2002).
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1,4-Butanediol (C,H100,) is a colorless and viscous liquid derived from
butane by placement of alcohol groups at the endhef chain. In its
industrial synthesis, 1,4-butanediol is producethwlie method of reacting
acetylene with formaldehyde (Reppe process) (Kiksal., 2002), or, with
an alternative bio-based process, from corn-derigkotose. Glucose is
fermented to succinic acid which is then purified aeduced catalytically to
1,4-butanediol (Cooper and Vigon, 2001). It is angituent of
biodegradable plastics such as Ecoflex (polybutileadipate and/or
polybutylene therefthalate) produced by BASF (Sieanel and Doi, 2002)
and of the previously mentioned Sky Green.

1,6-Hexanediol(C¢H140,) is a white solid organic di-alcohol, with two
primary terminally located hydroxyl groups. It isvaluable intermediate
product for chemical industry and it finds applioas in a variety of
polymeric systems. Its configuration results inapid and simultaneous
reaction in the formation of numerous di-substdutproducts. 1,6-
Hexanediol is used in the production of polyesteostings, adhesives and
polymeric plasticizers. In these end use areasyntributes significantly to
many high performance characteristics such as hgdrostability, high
flexibility, good adhesion and surface hardness $BAintermediates
description available in internet). It is usedhe synthesis of biodegradable
high molecular weight aliphatic-aromatic copolyestg.i et al., 2009).

Adipic acid (C¢H100,) it is a white crystalline powder not very solule

water because of its long aliphatic chain. It syathetic molecule normally
prepared from cyclohexane by two oxidation stephjciwv can also be
produced starting from natural raw materials (Asébsei Kogyo, 1991).
Adipic acid is largely used as a monomer for thedpction of nylon, but
also as plasticizer and lubricant component. It aisconstituent of
biodegradable plastics such as Ecoflex and SkyrGree

Azelaic acid(CgH1¢0,) is a saturated dicarboxylic acid naturally preésan
wheat, rye and barley or producedMwlassezia furfur (Ashbee and Evans,
2002), a yeast that lives on normal skin. For is$ibacterial properties,
azelaic acid is used for the treatment of skinatibns such as acnhe (Liu et
al., 2006). It is also used in the production aisticizers, polyamides and
alkyd resins.

In its pure state, sebacic a€itH1g0,) is a white flake or powdered crystal
natural substance. For industrial purposes, iersvdd from castor oil and is
typically used for the production of candles aslIwad of plasticizers,
lubricants and cosmetics, besides and bio-basstiqgda

Terephthalic acid CsHgO) is an aromatic colorless commodity chemical
used mainly as a precursor to the non-biodegradpblgester such as
polyethylene terephthalate (PET) (used to makeldsotor clothes) or
polybutylene terephthalate (PBT). Its aromatic congnt provides excellent
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material properties, so terephthalic acid is fredyeused to improve
material properties in polyesters such as Ecofiéuxller et al., 2001).

Glucose(CgH1,0) is the most widespread monomer in hature; itsamaple
sugar produced by photosynthesis and used as eseugge by respiration.
Cellulose, the most common polymer in nature, ésrivom the dehydration
of glucose and polymers from cellulose are usetiedegradable plastics
(e.g., cellophane).

Lactic acid (C3HeO3) is an a-hydroxy acid involved in biochemical
processes. It can be produced both by chemicalhegist and by

fermentation of carbohydrates bhgctobacillus (Sotergard and Stolt, 2002).
It is used as a monomer for producing polylacti@ g®LA), which has

application as a biodegradable plastic.

Succinic acid(C4H1¢0,) is a solid colorless and odorless dicarboxylic ac
which plays an important metabolic role in theicitacid cycle by which
organisms draw energy. It is a constituent of polylene succinate or
polybutylene succinates-butylene adipate copolymers, commercially
known as Bionolle, produced by Showa Highpolymdepén) (Tserki et al.,
2006).

The main properties of the tested substances posteel in Table 1.

Table 1. Main properties of the tested monomers.

Molecular | Molar mass Carbon Physical state
Monomer 1 i at lab
Formula (g mol™) fraction (-) ..
conditions
1,2-Ethanediol ¢HeO, 62 0.39 Liquid
1,4-Butanediol ¢H10, 90 0.53 Liquid
1,6-Hexanediol 6H140, 118 0.61 Liquid
Adipic acid GH1004 146 0.49 Solid
Azelaic acid GH1604 188 0.57 Solid
Sebacic acid H150, 202 0.59 Solid
Terephthalic acid EHeO, 166 0.58 Solid
Glucose GH1.06 180 0.40 Solid
Lactic acid GHgO3 90 0.40 Liquid
Succinic acid CHgO, 118 0.41 Solid

2.2.2 Soil samples

Two different agricultural soils were sampled irotdifferent locations and
used to test the monomers. The texture of thedowt(collected in Albenga,
Italy) is made of about 70 % sand, 24 % silt anth €lay and its pH (in
water) is 7.5 to 8. In the second soil (collectadArborio, Italy) sand is
about 55 %, silt 43 %, clay 2 % and pH (in watet) 5.5.
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The soil samples were freshly collected, sieve@ (@m) and used within a
few days for biodegradation tests.

2.2.3 Biodegradation tests

Biodegradation tests were carried out according3$dM 5988-96 (1996).
To increase organic matter, soil was enriched wdttmpost with a ratio of 1
g compost to 25 g soil which corresponds to a dippplication of compost
in agricultural land (ASTM 5988-96). Mineral sattissolved in water were
added to soil and compost to obtain the corredb @it nutrients and the
ideal moisture, around 50 % of the water holdingacity of each soil.
Mineral salts addition was adjusted to provide: ® RH,PO, 0.1 g MgSQ,
0.4 g NaNQ, 0.4 g NHCI and 0.2 g urea per Kg of soil.

Soil-compost-salt mixtures (500 g) were incubatédram temperature
(21+2° C) in the dark, in hermetically closed jgf% I), with the test
substances. Blank jars, with no test substances aso prepared. Each jar
contained a beaker filled with 0.5 M KOH (40 ml)hieh was regularly
titrated with 0.25 or 0.5 M HCI in order to measuhe CQ production
within the jar. The measurement was carried outyeS8ealays in the first two
weeks, during which biodegradation was expectebetdaster, and weekly
thereafter. When the beakers were taken away fnemats for titration, the
jars remained open from 15 to 30 minutes, so thatair was refreshed
before replacing fresh potassium hydroxide.

Tests lasted 27 to 39 days, according to the cumel&€0, evolution. Only
for terephthalic acid the test duration was extendel40 days because no
plateau phase was reached after 40 days. Moistasenat adjusted during
the biodegradation tests. In hermetically closes, jaater evaporating from
the soil saturates the headspace in a very smogt d@ind, consequently, any
further water loss is negligible; therefore thd smbisture can be considered
as constant during the test period.

Five monomers (adipic acid, succinic acid, sebacid, 1,4-butanediol and
glucose) were tested both with soil from Albengal amith soil from
Arborio. 1,2-Ethanediol, lactic acid, 1,6-eexané&diazelaic acid and
terephthalic acid were tested only with soil frombério. On the whole, four
tests (two replicates each) were carried out faheaonomer and for the
blanks.

2.2.4 Chemicals and analytical methods

All chemicals were of analytical grade purity. Adi@cid, azelaic acid, 1,6-
hexanediol, sebacic and succinic acid were supfgiedsamma Chimica
S.p.a.. 1,4-Butanediol, 1,2-ethanediol, lactic agldicose and terephthalic
acid were provided by Sigma-Aldrich.

Moisture content and pH of the soil-compost-salktore were measured
according to I1SO 11465 (ISO, 1994) and ISO 103980(1 2005)
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respectively. Titration was carried out accordirng $tandard Methods
(APHA, 1998).

2.3 Results

In a first set of experiments, five monomers wesstdd with the two
different soils: Albenga soil and Arborio soil. Thespiration curves
(cumulative CQ production (mg) measured in the jars) of the daakd of
the tested monomers (adipic acid, sebacic acidirsocacid, 1,4-butanediol
and glucose) are shown in Figures 1 and 2 resgdgtiBlack symbols refer
to tests in Albenga soil, white symbols to test&ihorio soil. Experimental
data show that CQproduced by the respiration in the blank jarsugeajthe
same for the two soils. The same situation canbsemwed for the tested
monomers. The most important difference of the seds is their natural
pH. It is known that, as temperature and soil nooéstlo, pH affects the final
biodegradation in soil of polymeric materials (Shimd Eun, 1999), but the
present results show no relevant difference inrégpirations of the two
soils and in the C&production measured for the tested monomers.
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Figure 1: Respiration curves measured for soil Albenga (atk) and Arborio
(empty symbols) in the blank jars.

So, the final extent of mineralization was calcedatas average from the
experimental data obtained with both soils.

Figure 3 reports the mineralization curves fort@l monomers. Each point
represents the experimental value obtained in &sthand the broken line
represents their best fit. Table 2 reports theay@mineralization percent at
the end of the tests for each monomer. The repibititic of the results is
good, as shown by the low standard deviations avbajow 10 %.

The smallest variations in the distribution of datere observed for the three
di-alcohols (1,2-ethanediol, 1,4-butanediol andHeganediol) and for lactic
acid. Their physic state, liquid at room tempermatand their high solubility
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in water favour their homogeneous distribution tie liquid phase of soil
and their use by microorganisms. This could expilaghigh reproducibility
of the results in the different tests.

Generally, a plateau phase was reached within ahoe weeks at more
than 50 % mineralization. A lag phase of about a#s was observed for
sebacic acid, 1,6-hexanediol, azelaic and terepbtlzid whose final
mineralization was about the 53 %, 55 %, 54 % ahdbrespectively (as
previously mentioned, the final mineralization afraphthalic acid was
estimated after 140 days incubation; after 40 day®ralization was below
40 %). For adipic acid the final mineralization wasnparable (55 %), but
no lag phase was observed. The faster mineralizatias observed for
glucose, lactic and succinic acid for which thetgda phase was reached in
about 10 days but the final mineralization was low&n for other tested
monomers (45 % for lactic and succinic acid and%42or glucose). For
sebacic and azelaic acid the plateau phase seentetireached by the end
of the tests and the mineralization was about 58n% 54 %. It is possible
that for such monomers longer lasting tests colldws better defined
plateau and greater mineralization percents, asds the case for
terephthalic acid.

Table 2: Mineralization percentages and standard deviatbtise end of
mineralization tests.

Monomer Mineralization (%)
1,2-Ethanedic 53.06+3.1
1,4-Butanedic 50.47 £ 3.1
1,6-Hexanedic 55.87 £+ 1.8

Adipic acic 54.78 £ 2.2

Azelaic acit 53.86 + 8.3
Selacic acit 52.71+£2.9
Terephthalic aci 55.94 + 2.4
Glucost 42.22+0.9
Lactic acic 45.26 £ 5.5
Succinic aci 45.17 £ 3.3
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Figure 2: Respiration curves of adipic acid, 1,4-butanediotcinic acid, glucose
and sebacic acid obtained during incubation in Atfzesoil (in black) and in
Arborio soil (empty symbols).
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Figure 3: Mineralization curves of the tested substances.
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2.4 Discussion and Conclusions

In this kind of research, an important point is thifuence of soil and its
characteristics on the final results of mineral@at Two different soils were
used in this study. The two soils had a differemture and different natural
pH: alkaline the first, sub-acid the second.

The results obtained in this work reveal that altfio the two soils were
different, they sustained similar mineralizatiames of tested monomers.
The level of mineralization reached by the différesubstances is not
complete. Mineralization percent was 42-45 % fancgke, succinic and
lactic acid and 50-56 % for the other monomers.sTh expected
considering microbial anabolism. The carbon fracttichich is not released
as CQ is incorporated in the cell biomass. A simulaticerried out by
AQUASIM code estimated that cellular biosynthesisld account for over
50 % for lactic acid, succinic acid and glucoseo(iBi et al., submitted for
publication).

The availability of data on the biodegradation @fmmomers in soil is limited,
as the attention is generally focused on the bi@dkdion of polymers.
However, the possibility of microorganisms to ube tmonomers derived
from the biodegradation of polymers and the wayy thee them can have
important implications on the one hand in stimuigtthe overall microbial
activity and on the other hand in determining oxygensumption in soil.
Some research studies about microorganisms thathastested monomers
are available in literature. Terephthalic acid, émample, is used by three
bacterial strains isolated from soils contaminaétth oil and plastic waste
(Vamsee-Krishna, 2006). Orchard and Goodfellow ()98ported strains of
Nocardia which can grow on adipic and sebacic acid as calon source.
Moreover 1,4-butanediol, 1,2-ethanediol and adipitid are used by
Pseudomonas strains isolated from soil (Stiegltz and Weim&83).

The comparison of the present experimental daléei@ture data is quite
difficult because, where data are available andeewpental protocols are
similar, specific aspects such as some soil prigsedr the time duration of
the tests can affect the results. Kim et al. (2081J Sharabi and Bartha
(21993) measured mineralization in soil of somehaf nonomers studied in
present research, and obtained, for some compotigis®r mineralization
percent values. However, Kim et al. (2001) used &ture of
forest/agricultural soils and perlite as substfatencubation and carried out
the tests for 32 days. This mixture was used asctire in a multilayer
system where the bottom and the top layers wereenmddperlite. The
mineralization percent obtained by Kim et al. (20@As comparable to that
observed in the present study (27-45 days) for iadgrid and 1,4-
butanediol, and higher for succinic acid (+19 %l s&rephthalic acid (+10
%). Sharabi and Bartha (1993) used a freshly deltesandy loam, buffered
with CaCQ 5 days before the beginning of the tests, and unedshe CQ
evolution over 22 days. Soil moisture was adjuste@0 % of field capacity
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and nutrients were added by a 1% solution of {pfD,. In that case, the
mineralization percent was higher for both adimadg+40 %) and glucose
(+36 %).

Standard respirometric methods are important tdots evaluating the

mineralization of the tested compounds in soil, th& evaluation of their
results must take carefully into account the speeikperimental conditions.
Moreover, they cannot fully describe the biodegtiada process which

includes also biomass incorporation. This comporsmuld be measured
along the biodegradation tests by specific pro®dol provide the needed
data for a complete carbon balance.
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3 Kinetics of monomer biodegradation in soil
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ABSTRACT

In modern intensive agriculture, plastics are useskveral applications (i.e.
mulch films, drip irrigation tubes, string, clippots, etc.). Interest towards
the application of biodegradable plastics to replde conventional plastics
is growing because they biodegrade in soil after aisd do not produce
waste to be disposed of. Ten monomers, which caragmdied in the
synthesis of potentially biodegradable polyestersie tested according to
ASTM 5988-96 (standard respirometric test to eualuaaerobic
biodegradation in soil measuring the carbon dioxadelution): adipic acid,
azelaic acid, 1,4-butanediol, 1,2-ethanediol, Egamediol, lactic acid,
glucose, sebacic acid, succinic acid and terepghbtlaaid. Eight replicates
were carried out for each monomer for 27-45 dayse fumerical code
AQUASIM was applied to process the £@xperimental data in order to
estimate values for the parameters describing iffereht mechanisms
occurring to the monomers in soil: i) the first-erdsolubilization kinetic
constantK, (d™); ii) the first-order biodegradation kinetic coast, K, (d™);
iii) the lag time in biodegradatiort,,y (d); and iv) the carbon fraction
biodegraded but not transformed into £& (-). The following range of
values were obtained: [0.006,05.9 d'] for K, [0.1 d*, 1.2 d'] for K, and
[0.32 - 0.58] for Y;t.q was observed for azelaic acid, 1,2-ethanediol, and
terephthalic acid, with estimated values betwe8re31.9 d.

KEYWORDS. Biodegradable plastic, polyester, soil biodegriadat
agricultural use, fate

Article submitted to Journal Environmental Management
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3.1 Introduction

In modern intensive agriculture, plastics are sssftdly used in several
applications (i.e. mulch films, drip irrigation ted, string, clips, pots, etc.):
the specific term Plasticulture has been adoptedkszribe them (Lamont,
1998). A critical issue associated with the appiaca of plastics is
represented by their disposal after use. Traditiplastics are expected to be
collected and incinerated with energy recoveryyremycled. Uncontrolled
incineration or mechanical tillage of plastic resd in the field have high
environmental impacts but are unfortunately quitenmon practices in
agriculture. Environmental effects of these pradiare air and soil pollution
as well as aesthetic disturbance.

In Italy plastic film mulching covers more than 1000 ha, with an annual
consumption of approximately 65,000 t. It is repdrtthat substantial
quantity are not recovered but rather abandonedodnor burnt without
control by the farmers The situation is not soetéht in Europe: Western
countries produce approximately 40 million tongptastics per year, 2.5 %
of which are employed in agriculture (1 million g)rand 60 % of that are
usually abandoned (BIO-CO-AGRI, 2005). In Austratialch film usage is
approximately 4,000 t a year (Halley et al., 2001).

Interest towards the application of biodegradadbstirs to replace the
conventional plastics is growing. Using biodegrddaimulch films, no
waste in practice is produced and needs to be skspof, because the films
are ploughed under after use and are expecteadedpade in situ. The risk
of uncontrolled burning and air pollution is almesppressed.

Since agricultural soil is the substrate for pradgcood for humans and
farm animals, the absence of negative effectsaelat the in situ disposal of
biodegradable plastics and the absence of residilé-up are matters of
concern. The definition of standard test methodd specific criteria to
verify the biodegradability and the absence of &otic effects in soil are
required to clarify all these issues (Degli Inndge2005). The spreading of
biodegradable plastics in soil because of farmimgctices must be
counterbalanced by a continuous removal of thetiptagrom the soil or,
better, by a biodegradation rate that counterbakitize input rate.

A number of polymers designed to biodegrade inetindronment belong to
the group of polyesters. Biodegradable polyestersnat water soluble and
thus not directly bio-available for microorganisnihe biodegradation of
polymers normally refers to an attack by microoigars on non-water
soluble polymer-based materials (plastics) (Mull2f03). Extracellular
enzymes (i.e., enzymes released by microbial getls the surrounding
environment) are secreted by the organisms pernfgritie first step of the
degradation process. Enzymes catalyze the hydsabfghe ester bonds and
cut the solid, hydrophobic polymer into olygomerslanonomers. Due to
their low molecular weight and water solubilityei® can pass through the
cell membrane and are then metabolized by microisges (the second

30



step) (Herzog et al., 2006; Tokiwa and Suzuki, 197kiwa and Suzuki,
1974 ; Muller, 2006).

The overall degradation process of polyesters uadsasbic conditions can,
therefore, be described as follows:

Polyester + HO - monomers + ® > CQO,+ H,O + biomass
K]_deg Kb

The first reaction Ku4) is a hydrolysis mainly mediated by extracellular
enzymes while the second reactién)(is the microbial aerobic metabolism.
Laboratory tests currently applied to determineltioelegradation of plastics
are based on the measurement of carbon dioxidautemolor of oxygen
consumption when the original polymer (e.g., théygster) is exposed to
controlled environmental conditions (e.g., soilinpmst, active sludge, etc.).
Therefore, such tests cannot provide informatiorth@nkinetics of the two
steps but only inform on the overall reaction. Hoere the information
aboutKyeg andKy is important in order to determine the environraéfdate
of the polyesters spread into the soil. In facKits>>K, a temporary build-
up of monomers is expected. Persistence must bleiaeed in terms of
complete biodegradation: the simple depolymeriratan actually lead to
the build-up of environmental concentrations ofgoigners and monomers,
and to their transfer from one environmental congmbrto another (Degli
Innocenti, 2005). In Saponaro et al. (2008), a muwak model was
developed and applied to predict the fate and p@msof biodegradable
polyester residues in soil following successiveliapfions of mulch films.
In that model, the values fd€,4q andKy varied within reasonable ranges,
but they were not based on experimental measuremé&he present work
allowed to provide values fdf, of monomers that are or could be used in
the synthesis of biodegradable polyesters by paolgensation. These
monomers would be released into the soil in casgepblymerization, and
finally metabolized. Therefore, th&, values are relevant information
because related to the second step of the ovéodkdradation process. The
model developed in the present work also alloweestonate values for the
parameters describing other mechanisms occurritigetanonomers in soil:
i) the first-order solubilization kinetic constaffy); ii) the lag time in
biodegradation t(g); and iii) the carbon fraction biodegraded but not
transformed into CY).

Other polymers that are used in agriculture arejestdd to different
degradation mechanisms that need to be studied otitler numerical
simulation approached (Arnaud et al., 1994).

31



3.2 Materials and Methods

3.2.1 Tested substances

Ten monomers, which can be applied in the synthe$igotentially
biodegradable polyesters, were tested by respir@meists in soil: adipic
acid, azelaic acid, 1,4-butanediol, 1,2-ethanedi@;hexanediol, lactic acid,
glucose, sebacic acid, succinic acid and terephtheid.

Adipic acid is a synthetic molecule derived frome tloxidation of
cyclohexane; historically used for nylon productidnis also used for the
production of plastifiers and lubricants. It cowdtso be produced starting
from natural resources (Asahi Kasei Kogyo, 1991)isla constituent of
biodegradable plastics such as Ecoflex (polybutileadipate and/or
polybutylene therefthalate) produced by BASF (Steahel and Doi, 2002)
and of Sky-Green (made of adipic acid, succiniadatiutanediole and
ethylene glycole) produced by SK Chemicals (Kofeag et al., 2002).
Azelaic acid is naturally found in wheat and ryedais used in the
production of plasticizers, polyamides and alkysins.

1,4-Butanediol is a synthetic organic molecule tbah be produced at
industrial scale from succinic acid; usually, itised as a solvent in the
production of some kinds of plastics and fiberscdn also be produced
starting from renewable raw materials (Cooper amgbi, 2001). It is used
with adipic acid to produce Ecoflex.

1,2-Ethanediol and 1,6-hexanediol are raw mateuisés! for plastics.

Lactic acid can be produced both by chemical wag Bermentation of
carbohydrates frorhactobacillus (Sotergard and Stolt, 2002). It is used as a
monomer for producing polylactic acid, which hasplagation as a
biodegradable plastic.

Glucose is the most widespread monomer in naturés produced by
photosynthesis and it is used as energy sourceespiration. Polymers
derived from cellulose and, as such, based on gijcare used as
biodegradable plastics (e.qg., cellophane).

Succinic acid is one of the intermediates in thelsr cycle, by which
organisms draw energy. It is a constituent of polylene succinate or
polybutylene succinates-butylene adipate copolymers, commercially
known as Bionolle, produced by Showa Highpolymdepén) (Tserki et al.,
2006).

Sebacic acid derives from castor ail. It is typligaised for the production of
candles, and employed in the production of bio-Ogsastics.

Terephthalic acid is a commodity chemical, usea@ @secursor to the non-
biodegradable polyester such as polyethylene ténafate (PET) or
polybutylene terephthalate (PBT). The aromatic ocomemt provides
excellent material properties, so frequently tetleplic acid is used to
improve material properties in aliphatic polyestsugh as Ecoflex (Muller
et al., 2001).
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The main properties of the tested substances pogtegl in Table 1.

3.2.2 Biodegradation tests

Tests were carried out according to ASTM D5988B8B6), a respirometric
test based on the measurement of carbon dioxiditesrm A sandy soil
(500 g) was enriched with compost (20 g) and minsedts (200 mg
KH,PO, kg™, 100 mg MgSQ@kg™, 400 mg NaN@kg*, 200 mg (NH2)CO
kg* and 400 mg NKCI kg™) dissolved in water (40 ml). The soil-compost-
salt mixture had 21 + 1 g RKgdw total organic carbon, 2164 + 110 mg'kg
dw total nitrogen, 334 + 25 mg kgdw phosphorus, 15.6 + 0.4 % w dw
moisture and pH 7.0 £ 0.3.

The monomer (2.0& 0.05 g) was added to the soil-compost-salt mixture
and incubated at room temperature £2 °C) in the dark, in hermetically
closed jars. Blank jars, without monomers, wereo afsepared. Eight
replicates were carried out for each monomer ard bdlank. Each jar
contained a beaker filled with 0.5 N KOH (40 mbhieh was titrated with
HCI (0.25 N or 0.5 N) and replaced at specific sima order to measure the
CO, produced during a time step of the test (Modeliak, 1999). The
measurement was carried out every 2-3 days initstelD days of the tests,
during which biodegradation was expected to beefasand weekly
thereafter. Test duration varied from 27 to 45 dagscording to the
cumulative CQ evolution. Moisture was not adjusted during the
biodegradation tests. In hermetically closed jasster evaporating from the
soil saturates the headspace in a very short tintk eonsequently, any
further water loss is negligible; therefore thd smbisture can be considered
as constant during the test period.

The average amount of G@roduced in the blank jars was subtracted to the
amount of carbon dioxide produced in the monomes. jahe ratio between
the net CQ@production and the theoretical gfroduction (calculated on the
basis of monomer carbon percentage) gives badiddegradation percent.

33



8T 81 9cT PHOS 850 991 "O°H%D prae areydara g,
15290 006°L0S prog 1t+0 811 "O°H"D p1ae arursong
6T'ET 0T Pros 650 0t "OFHYD PIOE JTIEqaY
8¢910°0 000°000T Pres 0¥0 081 OTHD =00
81T 0 000°000°T prabry 00 06 F0PHED provaloeT
TEEE 059°7T prabry 190 81l “OrHD [OIpaueXaH-9T
6ETTO 000°000T prbr 6E0 9 f0°HYD [OTpaueH-T'T
LGET O 00T°9¢9 pmbry £s0 06 0 HD [o1patreing -1
Le01 89°¢ PHOS Ls0 881 ro*'H"D ProE JIe[azy
s8¢ 00€°L9T Pres oro I "OVHPD proe ardipy
;31D . (1 3ur) SUONIPUCD O (,1our 5) .
811578114 CTIA) SUWONIPUe qeg e U[nuLIo g
uoenaeIj sseun JOULOUOTA]
uonn.aed TjEM . qeg e 9IS - —— JEII[OTA
MO QILI HULSIN ANEqNOS TJGAN [eAasAg * _

(8007 "VAH S 1) seduejsqns pajsa) ap Jo sanradoad pearuratd-0a1sKyd T 9[qe L

34



3.2.3 Chemicals and analytical methods

All chemicals were of analytical grade purity. Adi@cid, azelaic acid, 1,6-
hexanediol, sebacic and succinic acid were supgiedsamma Chimica
S.p.a. 1,4-Butanediol, 1,2-ethanediol, lactic agjldicose and terephthalic
acid were provided by Sigma-Aldrich.

Moisture content and pH of the soil-compost-saktare were measured by
ISO 11465 (ISO, 1994a) and ISO 10390, (ISO, 20@Spectively. Total
organic carbon, total nitrogen and phosphorus weasured by ISO 10694
(ISO 1995a), ISO 11261 (ISO, 1995b) and ISO 11280 1994b)
methods, respectively. Titration was carried outoading to Standard
Methods (APHA, 1998).

3.2.4 Modeling and data processing

The “soil column compartment” of the numerical cod€UASIM
(Reichert, 1998) was applied to simulate the mondiate and transport in
the jars and to process the experimental data.

Each jar was considered as an isothermal batcleraysontaining a fixed
amount M+ on wet weight basis) of homogeneous soil-compaktrsixture,
with moisture ) constant with timet]. The amount of soil-compost-salt
mixture on dry weight basis was calculated accaytin

— MT
1+w (1)

S

and the volume of wate¥{) in the system as:

Mg [w

Vi =
Pw (2)
wherepg, is water density.
The batch system also contained the monomer, wiiash solubilized into
water according to a first order kinetics with respto the dissolved
concentrationCy, with constantKg,; solubilization was limited by the
monomer solubility in waterS). The following equation was used:

[dcw} :{Ksc,'[(S-CW) Cy <S
dt so lub ilization 0 Cw =S (3)

The mass of undissolved monomer in the Men(t), is a function of time
according to:

35



ermn — _VW E{dcwil Mrmn >0
dt - dt solubilization
0 M on = 0 (4)

Two mechanisms are assumed to occur on the mordissaived in water:

i) non hysteretic and completely reversible sorptiof the dissolved
monomer to the soil-compost organic matter, acogrdo a first order
kinetics with constantKs and distribution coefficient at equilibrium
conditionsKy (linear isotherm) calculated as:

Kg = foc [Koc (5)
wherefoc is the soil-compost organic carbon content Kgglis the organic
carbon - water partition coefficient for the molecuof concern
(Schwarzenbach et al., 1993). The following equmstiare used:

{dcw} _ _Ms dCs
dt sorption VW dt (6)

& =K 1K, 0 ~C) -

whereCs is the monomer sorbed concentration;
i) biodegradation of the dissolved monomer, actcaydio a first order
kinetics with respect to the dissolved concentratigth constank:

[dcw} = -K, [y
dt bio degradation (8)

In order to allow the model to fit the experimendalta, lag timet(g) was
also considered for 1,2-ethanediol, azelaic acttarephthalic acid.
Evolution over time of the mass of carbon dioxitl&-4,) in the system is
described as follows:

M
—= =y [D0C,, [f (l-Y)K, [T,
dt (9)

where TOC,, is the monomer carbon contefitis the carbon dioxide to
carbon molar weight ratio andis the carbon fraction biodegraded but not
transformed into C®

The percentage of monomer biodegraded at tingg,,, (t), was calculated
by the following equation:
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M t

mon,0 mon (10)

wheref., is the carbon fraction on weight basis in the rmeoandM o
is the amount of monomer put into the jar at thgitr@ng of the test.
The following initial conditions for the variablegere applied:

Bmon (t = 0) = 0
Cu(t=0)=0
M on(t = 0) = Migno
Cs(t=0)=0
Mcoz( = 0) =0 (11)
Table 2 summarizes the input data values usechtthrumodel.
Table 2: Input data values used to run the model.
Parameter Value
f 3.6667
frron Carbon fraction from Table 1
foc 21 +1 gkd dw
Kp @
K Organic carbon - water partition coefficient
oc from Table 1
Ks 50 d*®
Kool @
M+ 0.560 kg
S Water solubility from Table 1
tlaq (@)
TOCron Carbon percentage from Table 1
w 15.6 + 0.4 % w dw
Y (@)
Ow 1000 kg n?

@ Estimated by the code, so as to get the bestffitden the measured and the
calculated cumulative mass of gévolved over timeMco,(t), in each jar.
® value set so as to simulate an instantaneousisonptocess.

Model parameters can be estimated by AQUASIM byimizing the sum of
the squares of the weighted deviations betweenumeaents and calculated
model results)?); in this work, the objective function was the aative
mass of CQevolved over timeMcoo(t), in each jar. The user has the choice
between two numerical minimization algorithms: gmplex algorithm and
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the secant algorithm; both these methods were imsedder to verify the
agreement between the estimates provided for bgdbe. Each calculation
must be initialized before it can be started, dreluser can give the initial
state; multiple minima in the domain of the pararetvere excluded on the
basis of the convergence of the estimates obtéigadsing different initial
values for the parameters within the range [0, dBbjor K, andKg,, [0, 1]
for Y and [1, 10] d fot;,,.

3.3 Results

The estimation of the parameters of concern cawigdby the AQUASIM
numerical code on the basis of the experimental datl other input values
are shown in Table 3 as mean value + standard emnrogplicatesr(= 8) for
each tested monomer.

Ky ranged between 0.10 and 0.27 for most of the tested monomers but
sebacic acid and terephthalic acid displayed higladwes (1.2 and 0.7'd
respectively).

The highesKg, at room temperature was observed for terephthalit (6.9
d") and the lowest for 1,4-butanediol (0.008).d1,6-Hexanediol and lactic
acid had quite similar values (0.17 and 0.20respectively), whereas the
remaining compounds hatl, between 1.8 and 4.5'dStandard deviation
was very high for azelaic acid and lactic acid.

Ke Of 1,4-butanediol was much lower than the respedfi, so that the
degradation rate could be limited by the solubii@astep.

g Was included in the simulation for 1,2-ethanediatelaic acid and
terephthalic acid, resulting in values between 8 4r® d, whereas in the
other cases a good fit was observed without intTmgyt, ..

Figure 1 shows as an example the mass of carbarddievolved over time
within the jars containing 1,6-hexanediol (a) ang-dthanediol (b)
measured with the respirometric tests and the sitedl CQ production
based on the estimated mean values reported i Babl

Table 3: Estimation of the parameters provided forby the code, as mean value
+ standard error on replicates f=8).

Parameter
Keo Ky tiag Y
Monomer (dh (dh (d) )
Adipic acid 2.4+0.8 0.10 +0.03 - 0.34 +0.09
Azelaic acid 45+3.9 0.27 £0.09 49+1.4 0.32.88
1,4-Butanediol 0.006 +0.002 0.21 +0.08 - 0.52330
1,2-Ethanediol 25+15 0.15 +0.05 3.0+0/6 HoL1
1,6-Hexanediol 0.17 +0.06 0.13 +0.01 - 0.42 20.(
Lactic acid 0.2+0.3 0.16 £0.01 - 0.56 + 0.04
Glucose 24+1.6 0.21 £0.03 - 0.58 £ 0.07
Sebacic acid 1.8+0.9 1.2+0.3 - 0.49 £0.05
Succinic acid 3.6+0.7 0.19 £ 0.04 - 0.57 £0.06
Terephthalic acid 6.9+1.3 0.7+0.1 41+15 60£30.03

38



In both cases, the replicates were similar anddbis seemed to have high
repeatability. The two curves represent specific different situations: for
1,6-hexanediol the COproduction (i.e. the mineralization) started skpwl
but immediately after the setup of the test, whilel,2-ethanediol a 3 days
lag phase could be observed. For the latter, tbmdg state was attained
after 20 days, while for the former more than 3§sdaere necessary.

Figure 2 shows the biodegradation curves obtainoethe tested monomers,
based on equation (10) fd@..n(t), which also accounts for carbon not
transformed into C@®(byproducts, biomass, etc.); each point is thermea
value of replicates, and the error bars represkat standard error on
replicates. Measurements of the remaining monornmesil could not be
performed due to the difficulties related to théraetion procedure and the
analytical method to apply. In some cases, valuesr dl00% were
calculated, but the overestimation was always with% and ascribable to
the analytical uncertainties.

For terephthalic acid and sebacic acid, a plateasi wot reached within the
test duration, but at the end of the test sebacid avas completely
biodegraded. The estimated biodegradation of téhebb acid was 63 %,
with a lag phase of 3 days. The longest lag ph&iSedays) was observed for
azelaic acid, whose estimated average biodegradatithe end of the tests
was 79 %. The behavior of glucose, succinic acillaatic acid was similar,
with very fast biodegradation, no lag time and dyeatate reached after
about 15 days. As expected, the final biodegradaifchese molecules was
complete (101 % for glucose and lactic acid and%0®8r succinic acid).
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Figure 1: Experimental mass of carbon dioxide evolved ovaet{all replicates) for
1,6-hexanediol (a) and 1,2-ethanediol (b) and dhtained by simulation on the
basis of values in Table 3.

The biodegradation curve for 1,4-butanediol is Eimithe steady state was
reached after 20 days and biodegradation was ctenier 1,6-hexanediol
the biodegradation curve is different: the £f@lease was lower at the
beginning of the test and increased gradually with@aching a defined
plateau at the end of the test. In spite of thatha end of the test the
biodegradation was 95 %.

Biodegradation of adipic acid and 1,2-ethanediok v % and 85 %
respectively; in both cases the steady state vaahee after about 20 days,
but 1,2-ethanediol biodegradation curve had a fese of 3 days.

On the basis of the experimental data, the apptiede estimated that
cellular biosynthesis (Y in Table 2 and in the AREEX) could account for
32 % to 58 % (Table 3), with values over 50 % fot-lutanediol, lactic
acid, succinic acid and glucose.
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Figure 2: Biodegradation curves calculated for the testedamers B, based on
Equation 10 and Y values from Table 3). Error lvafer to the experimental
standard deviation in the G@easurements and do not account for the uncertaint
in the AQUASIM estimates.
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3.4 Discussion

On the basis of results of the AQUASIM simulatiotf2 main points to
discuss are the influence of solubility and the tdbation of cell
biosynthesis to the overall consumption of the carladded with the
monomers.

The tested monomers had quite different charatitxiand, in particular,
their solubility varied within a wide range. Howeyeo relation was found
between solubility and biodegradation: the leadtlde compounds are
sebacic acid and terephthalic acid, whose biodagjadwas very different
(complete for sebacic acid and 60 % for terephthedid). Azelaic acid had
also a quite low solubility, even if higher thare threvious monomers, and
its biodegradation was 79 %.

Some of the tested monomers (e.g., glucose, lact, and succinic acid)
are known to be readily biodegradable and to playngportant metabolic
role within the cells. According to the resultsAQUASIM, a considerable
fraction of the carbon in the tested compound veewerted to biomass. The
overall biodegradation was complete but converstbiomass accounted
for 58, 56 and 57 % for glucose, lactic acid andcaic acid respectively.
Terephthalic acid, which showed the lowest biodegtian curve in the
tested series, had also the lowest percent of nacbaverted to biomass.
The same consideration applies to 1,2-ethanediokw/thiodegradation was
85 %, with 36 % carbon converted to biomass.

A comparison of the data found in this study wittaitable literature is not
straightforward. The availability of data on biodegdation of monomers in
soil is limited. Even though the experimental poais can be similar, soil
composition or room temperature or time duratiomhef tests or other local
factors can affect results in terms of both mirieagilon percentage and lag
time. Moreover, often the variability of the repamitaverage data is not
expressed as standard deviation or standard dfigure 3 shows the
maximum mineralization measured during the presesearch for some
monomers compared to the mineralization measunethéosame monomers
by Kim et al. (2001) and Sharabi and Bartha (1993 et al. (2001)
carried out the tests for 32 days, adding the mamsento a mixture of
forest/agricultural soils and perlite. This mixtusas used as the core in a
multilayer system where the bottom and the topriyeere perlite. The
mineralization percentage obtained by Kim et 0@ was comparable to
that observed in the present study (27-45 days)atbpic acid and 1,4-
butanediol, and higher for succinic acid (+19 %l serephthalic acid (+10
%). Sharabi and Bartha (1993) used a freshly deltesandy loam, buffered
with CaCQ at least 5 days before the beginning of the testd, measured
the CQ evolution over 22 days. Soil moisture were adjuste@0 % of field
capacity and nutrients were added by a 1% soludfofNH,4),PO;. In that
case, the mineralization percent was higher fohn laglipic acid (+40 %) and
glucose (+36 %).
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Figure 3: Maximum mineralization percentages reported by rogl¢hors,
compared with the values measured in the presseareh.

3.5 Conclusions

In this study, the mineralization kinetics in swihs measured for several
monomers applied in biodegradable polyesters, bingus standard
respirometric test method. The experimental dateevpeocessed with the
numerical code AQUASIM, in order to estimate valdiesthe parameters
related to the mechanisms occurring to the monoinessil (solubilization,
sorption, mineralization, biomass or by-producisdpiction). Some of these
data are useful in predicting the fate and trartsmdr biodegradable
polyesters in soil as described in Saponaro €2a08).

As tests were carried out in a composite mediurluding natural soil,
compost and nutrient salts, and no selected batstrain was inoculated, it
is likely the results are representative for thdegaand extent of
biodegradation in natural environments, even witlpassible polyauxic
behavior of microbial population. However, somefatiénces between the
experimental data and the in-field behavior of thsted monomers could
occur, especially if a different substrate/soilicagquite high in the test
conditions) would lead to a different metabolic rairehy on the basis of
substrate affinity.

On the basis of the results obtained, the appliet @stimated that cellular
biosynthesis could account for 32 % to 58 %, walues over 50 % for 1,4-
butanediol, lactic acid, succinic acid and glucaoshich were completely
biodegraded.
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APPENDIX

Notation

Bon Percentage of monomer biodegraded (%)

Cs Monomer sorbed concentration (kg monomet ¢ty matter)

Cw Monomer dissolved concentration (kg monomérwater)

f Carbon dioxide to carbon molar weight ratio (kg,&g" C)

frnon Carbon fraction on weight basis in the monomer ®gkg
monomer)

foc Soil organic carbon content (kg organic carbon dy matter)

Kp Monomer biodegradation kinetic constarit)(d

Kyq Monomer distribution coefficient (water kg' dry matter)

Koc  Monomer organic carbon - water partition coeéfiti (n? water kg*
organic carbon)

Ks Monomer sorption kinetic constantjd

Kol Monomer solubilization kinetic constanthd

Mcoz(t) Mass of carbon dioxide evolved at titngkg CG)
Mmon(t) Mass of monomer at tintgkg monomer)

Ms
My
S

t

1:I ag

Mass of dry soil-compost-salt mixture (kg dry reat
Mass of wet soil-compost-salt mixture (kg)
Monomer solubility in water (kg monomerwater)
Time (d)

Lag time in monomer biodegradation (d)

TOCon Monomer carbon content (kg Ckgnonomer)

Vw
w
Y

Ow

Water volume in wet soil-compost-salt mixture®(vater)

Soil-compost-salt mixture moisture (kg water'kiry matter)
Carbon fraction biodegraded but not transformea G®; (-)
Water density (kg water Frwater)
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4 Influence of compost and pH on the
mineralization of a model aliphatic polyester
in soil

ABSTRACT

The use of biodegradable polymers in some apphieatiand sectors
(compostable waste bags, catering products, muichs)f can be an
alternative to the disposal of plastic in landfiin reduce the cost of wastes
management and the accumulation in the environnidmg.most acceptable
disposal method for biodegradable polymers is catipg, however for
wastes deriving from the agriculture (in particulerulch films) the
biodegradation in soil is a preferable option. Thiedegradability is
influenced by environmental properties of the median which a material is
biodegraded: moisture, pH, nutrient availabilityyegence of active
microorganisms, for example, affect the processdih The influence of
starting soil pH and organic matter concentratiartlee mineralization of a
model polyester was investigated using an agriclltsandy soil. Soil
mixtures with different starting pH and organic teatontent were prepared
and polyester mineralization was evaluated accgrthhASTM D5988-96;
cellulose was used as reference material. Cellutaiseralization resulted
not influence by soil pH or organic matter contémiaybe because of its
wide natural distribution), the model polyesterstead, has shown to be
actively mineralized but the mineralization rate swaaffected by
environmental conditions. The best results have lodained for initial pH
values close to neutrality: in this situation maleaation was comparable to
the one obtained for cellulose (about 60 %). On dbetrary, no clear
evidence have been found about the role of compust) if its presence in
the test soil seems to affect positively the milization.

KEYWORDS soil pH, compost, biodegradation, polyester

Work in progress

49



4.1 Introduction

Clay, amber, arabic rubber and caucciu are exampiiesatural plastic
materials and “plastic” refers to their propertyaintain the shape after
manufacturing. Nowadays, plastic is a common narsed uto indicate
synthetic, organic and high molecular weight polygné&ynthetic polymers
have been developed from the beginning of 1900gnwleo H. Baekeland
invented the first cheap synthesis method to olagdolymer and produced
the bakelite. Many different polymers (PVC, nylétE, PET...) have been
synthesized since then, they have spread worldandehave become one of
the symbols of the twentieth century. Synthetic ypwrs have been
developed to be enduring and resistant to all fooinsgegradation. Their
versatility allows them to be used in many appiaa: packaging (which
used about the half of the plastic production),dig and construction,
automotive design, electrical and electronic presiuagriculture. The use of
plastics in agriculture is growing. An estimated camt of 2-3 tons of
plastics (in particular polyethylene) are used egelar in agricultural
applications and almost half of them is used taqmtocrops (greenhouses,
mulching, temporary coverings of structures foitftrees...) (Kyrikou and
Briassoulis, 2007).

Plastics contributes to increase the amount of onpali wastes to be
disposed and, additionally, produces urban liteerdfady and Neal, 2009).
For packaging materials, for example, the ratesoycling has increased but
is still low and their contamination during use eoft makes recycling
uneconomic if compared with landfill disposal (Soegal., 2009). One
possibility to reduce the accumulation of plasticghe environment and the
cost of their management and disposal is the usgodkegradable polymers
to replace traditional plastics wherever technjcalpossible and
economically feasible.

Biodegradation is a complex process in which a pely is completely
converted by microorganisms to carbon dioxide argés (in aerobic or
anaerobic condition respectively), water, mineadtissand new biomass. The
most acceptable disposal method for biodegradalileners is composting.
However, composting requires infrastructures, idiclg collection system
and treatment facilities, and is not always thet h@actice. For wastes
deriving from the agricultural use of plastics, fiestance, biodegradation in
soil is a greatly preferable option to cope withommmical and
environmental aspects (Kyrikou and Briassoulis, 2200

Different kinds of biodegradable polymers are aldé on the market for
agricultural applications: Mater-Bi® (Novamont, litg Ecoflex® (BASF,
Germany), Bio-Flex ® (FKUR, Germany) are used todpice flowerpots,
controlled-release fertilisers, plant clips and chufilms. Mulch films, in
particular, at the end of their life, are not fedat composting plant but just
applied to soil and left there. The agriculturall $® the medium for the
production of food for humans and cattle, so theeabe of negative effects
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due to the in situ disposal of plastics and ofdesibuild-up are matters of
concern. The definition of standard test methods @nspecific criteria to

verify biodegradability and absence of eco-toxfees in soil are nowadays
required to clarify all these issues and launch tharketing of safe

biodegradable polymers in agriculture (Degli Inndge2005). In 1996 the
American Society for Testing and Materials (ASTM 988) published a
standard method for determining aerobic biodegranah soil of plastic

materials by measuring the amount of carbon dioxidelved in a closed
respirometer. In 2003, ISO published a standarchotefor determining

biodegradation rate of plastic material in soil imgasuring the oxygen
demand or the amount of carbon dioxide evolvedvardilated respirometer
(ISO 17556, 2003).

Biodegradation of new generation plastics is affidatot only by chemical
and physical properties of the polymers, but algoth® environment in

which they are biodegraded. Environmental propedigch as soil moisture,
porosity, pH, oxygen and nutrient availability, thpesence of active
microorganisms, and the concentration of plastic$ &ventually, of other
contaminants affect the biodegradation processiin s

The aim of this work was to study the effects af pbl and of the addition

of compost on the biodegradation in an agricultgrl of an experimental
aliphatic polyester used as model.

4.2 Materials and Methods

4.2.1 The tested substances

The experimental work was carried out using a pdilén-sebacate
((C14H2404),) expressly synthesised by Novamont S.p.A. andassmodel
polyester in this study. It is a linear chain ad#ifib polyester made of
butanediol and sebacic acid (commonly used to sgith plastics) and
obtained by standard techniques of monomers coatlens

Cellulose ((GH1Os),) was supplied by Merck and used as reference
material.

The two polymers were incubated in soil as powder.

4.2.2 Soll

The agricultural soil used in this work was colegtin Arborio, Italy. The

texture is made of about 55 % sand, 43 % silt afd @ay and its pH in

water is 5 to 6.5. Soil samples were freshly cédldcsieved (< 2 mm) and
used within a few days for biodegradation tests.

4.2.3 Biodegradation tests

Biodegradation tests were carried out accordingh\@M D5988 (1996).
For each test, 500 g of soil mixture were incubaaédoom temperature
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(21+2° C) in the dark, in hermetically closed jéBsl), with test substances
(2 g). Blank jars, without test substances, wes® girepared. Each jar
contained a beaker filled with 0.5 M KOH (40 ml)hieh was regularly
titrated with 0.25 M HCI in order to measure the Qf@oduction within the
jar. The measurement was carried out every 3-4 nage first two weeks,
during which biodegradation was expected to beefasind every 7-10 days
thereafter. When beakers were taken away from tfaritration, the jars
remained open from 15 to 30 minutes, so that thevas refreshed before
replacing fresh potassium hydroxide. Soil moistwes not adjusted during
the biodegradation tests. In hermetically closes, jaater evaporating from
the soil saturates the headspace in a very smogt dind, consequently, any
further water loss is negligible; therefore thd smbisture can be considered
as constant during the test period.

4.2.4 Analytical methods

Moisture content and pH of the soil mixtures wereasured according to
ISO 11465 (ISO, 1994) and ISO 10390 (ISO, 2005)eetively.

Titration was carried out according to Standardhdds (APHA, 1998).
Organic matter at the beginning of the test wasneséd by combustion of
soil samples at 550° C.

4.2.5 Experimental plan

Four different soil mixtures were prepared to irigege biodegradation of
cellulose and polyester in the same soil with défe starting pH (from sub-
acid to neutral values) and organic matter confEmé. soil mixtures can be
described as follow:

enriched soil without buffer: soil was enriched with compost and mineral
salts to obtain a soil-compost-salt mixture. Compascording to ASTM
5988-96, was added to the soil with a typical aggion in agricultural land
(4 % in weight); mineral salts (0.2 g KIPIO, 0.1 g MgSQ, 0.4 g NaN@Q,
0.4 g NHCI and 0.2 g urea per Kg of soil ) were dissolvedmater and
added to soil and compost to obtain the corredb @it nutrients and the
ideal moisture (around 50 % of the water holdingacaty);

not enriched soil without buffer: soil was used in its natural condition and
only moisture was adjusted before the test starts;

not enriched soil with buffer: soil was used without adding compost and
mineral salts, but CaG@2 % in weight) was added as a buffer;

enriched soil with buffer: a soil-compost-salt mixture was obtained as
previously described and Cag®as used to increase the natural soil pH and
to buffer any eventual decrease.

The buffered soil mixtures were prepared, left @m temperature and
periodically mixed at least 3-5 days before theifngigg of the tests to avoid
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that the CQ@released by neutralization could be consideredkasing from
the biodegradation process.

Each test condition was tested twice. In the fiatt of the experimental
work, the biodegradation of the test substances imasstigated with the
four soil mixtures (see Table 1: first group). st part of experimental
work, the soil was collected from the same sit@ifferent seasons. In the
second phase (see Table 1: second group) , the saimmixtures were
tested at the same time with soil collected imglsi sampling.

The tests carried out in the first group lastednfrib/1 to 251 days, according
to the cumulative C@evolution. In the second group, biodegradation was
monitored for three months.

On the whole, eight tests (two replicates eachewarried out for polymer,
for cellulose and for the blanks.

The name of the tests, the soil mixture, soil pld anganic matter at the
beginning of each test are reported in Table 1.

Soil pH was measured during the test period. WhHerd@creased from the
starting values, as in tests 1 and 2, soil wasebedf by adding CaGd2 %

in weight) in each jar. As expected the effect vaas increase of CO
production in all cases. As 10 g Cag@kre added, the maximum amount of
CO, released should has been 4.4 g per jar. Mostvedst probably released
when the soil was mixed. Anyway, as £@crease was measured in all jars,
the blank ones included, the biodegradation ratehef tested polymers,
calculated on the basis of the difference betwe®pn i2oduced in jars with
molecules minus COproduced in the blanks, should not have been
overestimated.

Table 1: Name of the test, soil mixture and starting soilipl¢ach test.

Test Soil mixture starting starting O.M.
name pH (%)
test 1 enriched soil without buffer 6.20 6.81
3 test 2 not enriched soil without 6.19 6.21
5 buffer
Iz test 3 not enriched soil with buffer 7.14 6.21
i
test 4 enriched soil with buffer 7.53 6.84
a test A enriched soil without buffe 6.20 7.04
>
3 - —
= test B not enriched soil without 524 6.04
5 buffer
c
8 test C not enriched soil with buffgr 7.33 6.25
[
0
test D enriched soil with buffer 7.25 7.19
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4.3 Results

4.3.1 Tests of the first group

Figure 1 shows mineralization curves obtained Hiertested polymers in the
four tests of the first group. Each point represehe values obtained from
experimental data in the jars prepared for the tested polymers. The
reproducibility of results is very good: measunesimilar jars of the same
test are, in practice, the same. Only for celluiosest 1 a difference around
10 % between replicates can be seen in the plptezse.

Cellulose mineralization process shows similargratt in the four tests. The
lag phase is very short (3-4 days), except fortélses based on not enriched
and not buffered soil (test 2) where mineralizatsiarts 7-8 days after
incubation. The biodegradation phase, in which nailiwation is fast, lasts
18-20 days so that in one month about half of final fmineralization
percentage is reached in each test. Final minatedizis 56 %, 64 %, 59 %
and 58 % in test 1, 2, 3 and 4 respectively. Wha@@ was added to the
soil of test 1 and 2 (after 53 and 96 days respelg), the plateau phases
were already reached, and no significant changebeambserved in the
mineralization curves.
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Figure 1: Mineralization curves of test polymers in the feests of the first part of
experimental work. Black points refer to cellulogdjte points refer to polyester.

The pattern of the mineralization process is différfor polyester. For tests

1, 3 and 4, the experimental curves show a lagephasund 10 days after
which mineralization starts and proceeds regulanijl the plateau phase is
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reached, at the end of the tests. Final valuealaoat 56 %, 63 % and 60 %
for test 1, 3 and 4 respectively, comparable tactieilose ones.

In test 1, after about two months (53 days), thg/mer mineralization
seemed to be low. The soil pH in the jars was nredsand the result (pH
5.6-5.9) showed a little decrease from the stanimge (6.20). CaCOwas
added to each jar in order to buffer acidity, tlodl svas mixed and air
refreshed. pH increased and stabilized at about Tt result was an
increase of C@production in all the jars. COmeasured in jars with soil
amended with the polyester was slightly higher timathe blanks, so that the
result seemed to be a little increase of the ptdyesiineralization rate.
Nevertheless it was impossible to assess if theedsed CQrelease after
the addition of CaC@depended on a greater degradation activity, ar if
was caused by soil buffering.

Situation in test 2 is different: after about 90/slaf incubation polyester
mineralization was not started. Soil pH was measiumeeach jar and the
results (pH 5 in the jars with polyester, pH 5.3-b the other jars) show a
consistent decrease from the starting value (p9)6QaCQ was added, pH
increased and stabilized at 6.9 in polyester jatsat about 7 in the others.
Also in this situation an increase of £@roduction was measured in all jars
(Figure 2). The increase measured in jars withutzde (dotted line blacks)
was quite the same of the blank jars (unbroken) lihat, where polyester
was incubated, the increase of Cgyoduction (line with white dots) was
significantly higher than in the blanks. The mine&tion process started
and it proceeded as in the other soil mixtureschieg a similar final
mineralization percentage (59 %).

In all the tests, the polymer mineralization, c&déed by comparison to the
reference substance, can be considered at 100 %.

Cumulative CO, production in jars of test 2

6000

5000

4000 +

3000

CO2 (mg)

2000 -

1000 -

0 30 60 90 120 150 180 210 240 270

end2 ---m--- cell 2 —a—pol 2‘ time (days)

Figure 2: Cumulative CQ production (mg) in the jars of test 2. Unbrokerelrefers
to blank jars, black points to cellulose and wipiténts to polyester.
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4.3.2 Test of the second group

As in the first part of the work, in the second gvof biodegradation tests
the reproducibility of experimental data was veopd. Figure 3 reports the
experimental curves for cellulose and polyesterioled in the four tests.
Black symboals refer to cellulose, white symbolptdyester.

Cellulose mineralization is different in the diféet soil mixtures. In soil
enriched and not buffered (test A) lag and bioddatian phases are about 7
and 18 days respectively and mineralization peeganis 50 % at the end of
the test. In not enriched and not buffered sodit(B) lag phase is longer than
in test A (10-12 days) and mineralization is slowéfter 90 days of
incubation only 35 % of mineralization is reachbdtest C and D the lag
phase duration is the same (3-4 days), the biodatica phase lasts 18-20
days but final mineralization values are differeésf: % and 34 % in test C
and D respectively.
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Figure 3: Mineralization curves of test polymers in the féests of the second part
of experimental work. Black points refer to cellsdo white points refer to polyester.

The results obtained for the polyester are differbhneralization curve of

test A is similar to the curve of test B. In theottests in not buffered soil,
mineralization reaches only 9 % in test A and 7no%est B. No lag phase or
biodegradation phase can be recognized. Wherensailbuffered (tests C
and D), after 10 days from the beginning of thestesiineralization starts
and reaches, at the end of the experimental oldgmrgaabout 42 % (higher
than cellulose mineralization percentage in test D)

After 3 months incubation the mineralization is &wor the polyester than
for the cellulose. It can not be excluded thatuffdred soil with or without
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compost (test D and C respectively) polyester caach higher
mineralization rates in longer time.

4.4 Discussion

4.4.1 The cellulose

The results obtained in the first part of the ekpental work suggest that
the mineralization of cellulose is not affected thg initial soil content of

organic matter. The four mineralization curves eliudose are presented in
Figure 4. Because of the great precision of theeewgntal data,

mineralization curves are represented with the meanes of the two

replicates of each test. Error bars, which are igdigeshorter than symbols,
are not reported.

cellulose mineralization: first group
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Figure 4: Mineralization curves of cellulose obtained witktieof the first group.

Mineralization curves are about the same in all tdsted soil mixtures.
Between the 25th and 120th day, mineralizationeskre slightly different,

but no relationship with presence of compost orhwsbil pH at the

beginning of the tests can be recognized. The aoljceable effect, but
negligible in overall result, is a slightly longkerg phase (7-8 days) in not
enriched and not buffered soil (test 2) than in abieer soil mixtures (3-4
days).

Cellulose is the most common organic compound om darth. It is

biodegraded by cellulolytic microorganisms that évan important role in
carbon biogeochemical cycle. All organisms knowndg&grade cellulose
efficiently produce an enzyme system (commonly ka@s cellulase) with
different specificities, which act together in sygism (Béguin and Aubert,
1994). It is known that microbial enzymes have ptinoum pH activity and
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that soil pH strongly affects the biodegradationoofanic molecules and
mineralization processes. Moreover, specific enzywegalyzing the same
reaction, but produced by different microorganisrhaye different pH
optimum for activity (Niemi and Vepsalainen, 20@@eng and Tabatabai,
1994). For example, Deng and Tabatabai (1994) vedethat the optimal
pH for cellulase activity in soil is 5.5. Moreovehey observed that data
available in literature indicate for cellulase eteld fromTrichoderma viride
an optimal pH of 6.5, whereas the optimal pH follutase isolated from
Polyporus versicolor is 5.0. Shin and Jung (1999) studied the biodedial
of cellulose in soils with pH 4.1 and 6.95 andeaft20 days of incubation,
they observed, in both cases, 54 % of mineralinat®8imilar results were
obtained in the first part of this work, where aldse was incubated in soil
with initial pH 6.20 and 7.53.

The results obtained in the second part of the raxpatal work (Figure 5),
are less clear than those obtained in the first. pdineralization curves
obtained in tests A and C (enriched and not endicbeil respectively,
without buffer) are quite the same as those obtkinesimilar tests of the
first part (test 1 and 3). In test B, where thatstg soil pH was 5.24, close
to the optimal value indicated by Deng and Tabatét#94), mineralization
was slower than the ones measured in the othecdeslitions even if the
plateau phase was not reached after 90 days. Tietieh is completely
different, and cannot be easily explained, in tBsi(soil enriched and
buffered): mineralization process reached platdzasg after one month of
incubation at percent value around 35 %.

cellulose mineralization: second group
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Figure 5: Cellulose mineralization curves obtained with tedtte second group.
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4.4.2 The model polyester

Mineralization curves obtained in the two partshaf experimental work are
presented in Figures 6 and 7. Each curve showsndan values obtained
from experimental data in each test; error barsrexereported because
generally smaller than symbols.

Taking into account test 1, 3 and 4 of the firstugr, during the first 120
days of incubation, the mineralization of the pstge in soil with compost
(test 1 and 4) results higher than in test wheileasas not enriched (test 3),
even if the final values were the same in the thests, so that compost
seems to improve the process at the beginningeahttubation.

polyester mineralization: first group
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Figure 6: Mineralization curves of polyester obtained witktseof the first group.

When CaC@was added to the soil of test 1, mineralizatich it increase
significantly (curve of test 1 is the same of time @btained in test 4), but the
result obtained in test 2 was very different. Malation of polyester in
acid soil without compost did not start until Ca{Ofdas added to the soll
(90th day) and then, in about four months, reachedame final value as in
the other tests.

The results obtained in the second part of the wadgest that the soil pH
seems to have a more important role than compogact, in the two tests
where the initial soil pH was > 7 (without or witlompost in test C and D
respectively) mineralization occurred at a rate garable to the one
obtained in tests 1 and 4 of the first group, whilgas very slow in the soils
not buffered (tests A and B). It is important tonember that results of this
group of tests refer only to three months of indigoa and that the cellulose
mineralization (see Figure 5), in particular int®savhere only the 35 % was
obtained, reaches values slower than previous ones.
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Figure 7: Polyester mineralization curves obtained with te$tshe second group.

The tested polymer is a polyester, and its biodégian involves hydrolytic
enzymes whose activity is known to be affected by (@urner, 2010;
Margesin et al, 2002; Alvarez et al, 1999). Tur2010) observed that
optimal pH of enzymes in soil depends on theiriarige. on the organism
producing them (plant, bacteria, fungi), on theasigon in soil (in free
solution or associated to organic matter or cla@milar results were
obtained by Kyun and Jung (1999) who tested biciagron in soil of a
commercial polyester and obtained that neutral gt was the best
condition for the process.

4.5 Conclusions

Two polymers were tested for biodegradation inedéht soil mixtures, with
different organic matter and different pH at thgibaing of the tests. The
results showed that cellulose biodegradation wdsniluence by the two
factors. This can be related to the wide naturstrithution of cellulose and
to the consequently large population of microorgars able to degrade it.
The tested polyester has shown to be actively biedied but the
biodegradation rate was affected by environmentalditions. The best
results have been obtained for initial pH valuesselto neutrality: in this
situation mineralization was generally comparabldhte one obtained for
cellulose.

The role of compost have been found no so evidemn if its presence in
the test soil seems to affect positively the bioddgtion process.
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5 Sensitivity of soil combustion to determine
organic matter in soil samples. Preliminary
results

ABSTRACT

The increasing use of new generation plastics ncagural stimulate the
study of the biodegradation in soil in order toadbtreliable standard test
method. Generally test methods measured the miratiah degree of the
polymers, but in biodegradation process the biorpasduction could be an
important product in the carbon balance.

The polymers mineralization is evaluated subtragcthme respiration of the
background (soil without test material) by the feston of the soil amended
with tested substances; the challenge is to evaduaie extra organic matter
produced in the soil with the tested substancesyltreg subtracting the
organic matter of the background by the organictenabtf soil with the
tested substances. Organic matter in soil samplgenerally measured by
combustion at 550° C. The aim of the work was tal@ate the sensitivity
and the applicability of the method to distinguistv differences of organic
matter between soil samples. A natural and a stinteil samples were
used. Different sources of organic matter (stawdilulose, an aliphatic
polyester and bacteria) were used to increasertgmal soil organic matter
with different low percentages (from about 0.1 %416 % in natural soil and
from 0.1 % to 0.5 % in the synthetic soil). The ecied linear relationship
between measure values and organic matter peresntdped to the soil
was obtained (with Rfrom 0.85 to 0.99) but accuracy and precision have
be improved. Results obtained in synthetic soil glasmseem to be better
than the results obtain in natural soil, maybe bseahe original organic
matter is lower.

KEYWORDS biodegradation test, organic matter

Work in progress
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5.1 Introduction

The increasing development of biodegradable pksticce the late 1980s
has promoted initiatives to develop formal standaathd laboratory test
methods to assess the ultimate environmental betrawf plastics (Chiellini
et al., 2007). In the 1990s most of the work wasiéed on biodegradation
under composting conditions because of the newdtnan solid waste
management policy, which aimed at reducing the afstandfilling to a
minimum by the promotion of recycling. Consequentiyteria and standard
test methods were needed in order to verify thepatifility of plastics with
composting and this stimulated research and stdisddion (Degli
Innocenti, 2005). However, several products madéh viiiodegradable
polymers, for instance the plastics used in aguce) are not fed to a
composting plant, but directly applied to soil.

Generally, current standard test methods measareidldegradation of a test
material, under aerobic condition, on the basihefamount of C&released
as a consequence of the microbial attack to casbbstrate (mineralization
degree). However, CQs one of the products of biodegradation due & th
metabolism of heterotrophic soil microbial communithe others being
living biomass and, through chemo-enzymatic reastidumic substances.
It is generally accepted that in the relatively rétterm, 50 % of carbon
content of most organic substances is convertgdiQg the remaining part
being assimilated as biomass or converted to hi@higllini et al., 2007).
We suppose, for simplicity, the test material madly by carbon, hydrogen
and oxygen. This for most biopolymers is actudily tase. Under aerobic or
anaerobic condition, the complete biodegradatiactrens are:

C polymer+ Oz—> Coz+ HZO + Cresidue+ Cbiomass
C polymer — C02+ CH4+ C residue T Cbiomass

To make a complete balance of carbon in a biodegjaudtest is important
to determine not only COproduction, but also the amount of polymer
residues and of carbon incorporated by biomasshelffirst and the second
points are currently relatively simple to estimatke determination of
biomass is still an unsolved point.

The test methods used to determine soil biodegoadate respirometric test
where the test material is mixed to soil and thal ttarbon dioxide evolution
measured. The total G@volution is the sum of the GQeleased by the
mineralization of the test material and of the ,C&volved by the soil
respiration. The "net" test material mineralizatisnobtained by running
blank soil controls in parallel and subtracting theckground respiration
from the total respiration.

The method should also provide the amount of erxaebon which is
incorporated in the soil biomass. A simple measerdnof "net" organic
carbon (as a difference between the total orgaaimban in the reactor
containing the test material and in the blank @aaes not possible, because
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most analytical methods cannot distinguish the bEsrorganic carbon from
the residual polymer organic carbon.

The challenge is therefore to quantify the extrgaoic carbon due to
biomass formation, eliminating the interferencenfrahe non-biomass
residual polymer.

Most approaches to reach this objective have basadon the application
of methods developed in soil science.

Soil Microbial Biomass (SMB) is defined as “massirtict microbial cells
in a given soil”; it is responsible for the degrada of organic matter, the
stability of aggregates and the cycle of most eats in soils. So, often, soil
microbial biomass is quantified in order to asstes maintenance of soil
fertility, the potential ability to degrade addedyanic materials, and the
effects of added materials on the natural micropagulation (ISO 14240,
1997).

The literature proposed various methods for the sonesment of soil
microbial biomass. Between them, the substratesedwespiration (SIR) is
based on the activity of the SMB after the additaf a readily available
substrate (Wardle and Parkinson, 1990; Lin and B3pal999); the
chloroform fumigation with incubation (CFI) (basexh the comparison
between respiration before and after the soil sarhps been fumigated with
chloroform) (ISO 14240, 1997) or extraction meth@FE) based on the
different amount of organic carbon extractable fisoil samples which were
fumigated or not (Vance et al., 1987). Physiologiaaalysis such as
extractable phospholipids fatty acids (PLFA) (Bwilet al., 2002) or
biochemical assays to ATP determination (Continalet 2001; Martens
2001) were also proposed: PLFA or ATP present ihssonple are, in fact,
closely correlated with the amount of microorganism soil and are
proposed for soil microbial biomass determinatibfowever a simple
transfer of this approach to the biodegradationrtethods is not possible.
The interest in soil biodegradation tests is tongfy the extra biomass
formed as a result of the biodegradation of the resterial (independently
whether biomass is still intact or not) and anyaoig substances synthesised
by microorganisms starting from the test mate&al.the interest is to find a
simple, rapid and reliable method to measure thelavbrganic matter in
soil samples.

Historically, soil organic matter concentrationse agstimated from dry
combustion, that is, from heating soil for 180 me 550° C
(thermogravimetry) (Schlichting et al., 1995). Quigacarbon can be directly
and reliably determined from volatile solids cortvey the organic matter
content to organic carbon. For soils, a converdamior of 1.724 (i.e., g
organic matter / 1.724 = g organic carbon) is gaherdopted, based on
assumption that organic matter contains 58 % ocgadhi (Nelson and
Sommers, 1996; Siewert, 2004).
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The aim of this work was to evaluate the sensitioit the measurement of
weight loss at 550° C to estimate the variation®omfanic matter in solil
samples during biodegradation tests.

5.2 Materials and Methods

5.2.1 Soil and organic matter sources

A natural and a synthetic soil were used in ordervialuate the sensitivity of
the thermogravimetric method to determine organédten in soil samples.
The first was an agricultural soil collected in Arlo (Italy). Its texture is
made of about 55 % sand, 43 % silt and 2 % clag,i@nvolatile solids are
generally 5.5 % to 6.5 %.

The synthetic soil was prepared as suggested by [3IS 17556 (currently
under revision), using sand (70 %), kaolin (10 %a)] (16 %) and compost
(4 %). Its volatile solids are about 3 %.

Starch, cellulose, a synthetic aliphatic polyeséed cultured bacterial
biomass were used as organic matter sources, ahebl ad the soils to
provide samples with different organic matter cahte

The polyester (obtained by condensation of butahexdid sebacic acid) is
completely combusted at 550° C; its water contemegligible (0.3 %) so
that all the amount added to the soil contribubegolatile solids.

Starch and cellulose are completed combusted tabthe percentage added
was evaluated on final dry weight (soil plus moleguaking into account
their water content (about 12 % and 4.5 % respelgliv

Lysogeny Broth (LB), a nutritionally rich medium,asr used for culturing
bacteria that were incubated at 37° C for 48 torbter to remove LB (that
contains inorganic components that doesn’t comblustte 550° C) after
bacterial growth, the medium was centrifuged forndilutes at 3000 rpm;
the pellet was washed with deionized water by sudipg and centrifuging.
Then it was oven-dried at 105° C for at least 2ht dried cells were added
to the dry synthetic soil. In order to verify thaal combustion of bacteria,
they were put at 550° C but variable amounts dfited ashes (from 2 % to
10 %) remained in the crucibles, maybe becauseyamic components of
the growth medium were not completely and uniformgmoved from
bacteria.

5.2.2 Volatile solids determination

The organic matter in soil samples was estimatedvolatile solids

determinations.

Generally, weighed aliquots of soil samples (natuna synthetic) were
placed in ceramic crucibles, enriched by a measadsition of organic

matter (polyester, starch, cellulose or bactenma) then oven-dried at 105° C
in order to remove water. After 24 h, samples wareled in a desiccator,
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weighted and combusted at 550° C in a muffle fuenadfter 8 h samples
were cooled and weighted. The volatile solids weatculated using the
following equation:

VS (%) = (oven dry soil weight — soil weight aft@mbustion) / oven dry
soil weight * 100.

Three replicates were made for each addition cdrmogmatter.

5.2.3 Experimental set up

All the organic matter sources were weighed aneddd the soil in order to
increase the original organic matter content (bemkgd), with different
organic matter percentages (theoretical extra acgaatter).

The addition of the model polyester was tested bothe natural soil and in
the synthetic soil.

For the experiment in natural soil, 75 g of mot 8vater content about 13
%) were weighed and used to determine the origimghnic matter by
volatile solids measurements.

0.050 g, 0.100 g, 0.200 g, 0.400 g and 1.000 ghsyic polyester were
weighed and added to 75 g of moist soil in orderotdain different
percentages of organic matter (from about 0.08 %.50% on dry matter
basis).

After 24 h at 105° C, the soil samples were condaistnd their volatile
solids were calculated.

The measured extra organic matter was calculatedsuiytracting the
background from the organic matter evaluated irdifferent soil samples.
For tests in synthetic soil the same procedure adipted and the same
experimental procedure was used.

For the experiments in synthetic soil, 50 g of el (water content from
about 12 % to 15 %) were used and similar amoupbbfester were tested.
Cellulose, starch and bacteria were also used00y0®.100 g and 0.200 g
organic matter were added to the synthetic sodlt@in low percentages of
theoretical extra organic matter (from 0.1 % to%)p

5.3 Results and Discussion

The experimental data obtained in the test witlygeiker and natural soil are
reported in Table 1. For each soil sample the Welablids, the measured
extra organic matter and the theoretical organi¢tanavere calculated
(Table 2).

Adding the polyester to the natural soil, the expeédinear relationship
between volatile solids and percent of the addekkente was confirmed by
experimental data @R= 0.87), as shown in Figure 1. Volatile solids (see
Table 2) were measured with high precision (stahddeviation was
generally very low); differences among samples vegaéistically significant
(except for the measure obtained for 0.05 % comnatoh) but accuracy was
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not enough. The measured values, in fact, generlbrestimated the
expected values, in particular for the lowest organatter concentrations
(see Table 2: the ratio between measured and tiwrextra organic
matter).

polyester in natural soil

2.000
1.800 -
1.600 R
1.400 =
1.200
1.000
£ 0.800 -
0.600 - -
0.400
0.200
0.000 & : : :
0.000 0.500 1.000 1.500 2.000
theoretical extra organic matter (%)

atter (%)

measured extra organic

Figure 1: Relationship between the measured extra organiteneaid the
theoretical one in experiment with polyester inunal soil.

Maybe the organic matter content in the testedssoiiples was too high to
allow accurate estimates for so low differencesr@auce the background,
tests were repeated using synthetic soil.

The experimental weights measured for the detetinimaof the organic
matter in the synthetic soil (six replicates) aparted in Table 3.
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Table 4 reports the amount of polyester added écsymthetic soil, and the
experimental weights before and after combustioabld 5 reports the
measured volatile solids, the measured and theatadktra organic matter
content and their ratio. The relationship betweerasared and theoretical
extra organic matter content is showed in Figure 2.

polyester in synthetic soil
2.000
1.800 -
1.600 -
$ 1.400
1.200
1.000 -
0.800
0.600 +
0.400 .
0.200 o
i
0.000 = T T T T
0.000 0.200 0.400 0.600 0.800 1.000
theoretical extra organic matter (%)

measured extra organic
matter (%)

Figure 2: Relationship between the measured extra organiteneaid the
theoretical one in experiment with polyester inthgtic soil.

A good linear relationship was obtained” (R 0.99). The accuracy of the
measure improves (the ratio between the measurddhentheoretical is

about 1, see Table 5), but the results are lessspréhan those obtained in
natural soil. The standard deviation of the singksasures is too high, and
the measured values were statistically differeminfthe background only for
polyester additions over 0.4 %.

To verify the accuracy obtained using synthetid, stifferent sources of

organic matter were used: starch, cellulose antebac Experimental data
of the amount of organic matter sources and ofdilyeweights before and

after combustion are reported for starch in Tabldte measured volatile
solids, measured and theoretical extra organicemathd their ratio are

presented in Table 7.

At the same way experimental data and resultsegerted for cellulose and
bacteria in Tables 8-9-10 and 11-12 respectively.

72



L | £010 0050 10T 0FCTot 5 00T 0+[I05 '8

LOT c0T0 0TT0 EFTOFETE € S 00T 0H[T0s '8

L8°0 T0T°0 880°0 sFOOFOTT € B 0s070HI0s 8
- 000°0 000°0 LTTOFETTE puno.syeq

I9))uuIL MU0
EI)X9 [E1)2.1091])
/ PoINSEIT

(04) Ta)0UI DTUES 10
LI [BINDI09Y T,

(v5) I@PEU HTIEE.T0
LI)XD PAINSEITA

(p’s Fson[eA UWEIUL)
(20) *§°A PoINSERTN

aurcu Ifdureyg

TI0S JBIPUAS UL [IIR)S THIAL §)83) UT 12)JRT HMILSI0 RHX3 [BINI0AT) PUL PAMSEIU U3aM)aq 0Tjel
‘sajdues 1os JUAISIJIP 21) JO I2)JRUI HTURSI0 [2I1)2103T]) PUR PAMSEAN ‘SPI[0S [UR[0A PAISEI]N [/ [qBT,

08L°TY LIT EF 130 A g ) i ToETy £8T°0 8LT0 8LT0 5 00T 04105 8
£06° Ty 960t 8FsC 11wy FesTF LYT ¥+ 680°0 600 06070 5 00T 0+]105 '8
oFe'ty £CO'Tr 88Ty Tre+r L TTevF 0c0°0 0r00 00 F 080 04r0s 8
I 11 I I I I o I
sayeorpdeyq saquarpdeyy saquarpdeyy

D o0Ss 6 N § 1) (5) sapdures D osOT (3) sepdures [ros Y NIAS

o r.uw _ 4 5 W 7 189¢ (3) sopdumes . : N sureu sjdureyg
[I0S JHNLAS 31[) JO N[SI3AN B Ul [2.0¢)5 Jo JUNnoury

TONSILAUIO Tajfe pue ) ,s07T J2 [T 12118 SPE1am pue sajdumes [10s d1a1uis ur qaie)s Jo JUnowy 19 a[qu L

73



6ec'TF £09°TF | THO'TE tL6'TE 0s0°Er | TO'EF 610 LBTO | s6T°0 I 00T 0+H[TOs '8
w81y FIL TV | so¥'TF cre' Ty 0E0°Er | EER'EY FOT1°0 L6O0 | 8600 I 00T 0+J1O% 78
STSTE LO99TE | OF9'TF 698°TY S00°EF | 966°CY £50°0 £60°0 | 6700 I 05004108 8
I 1| I 1| I I I I
soyedey sayearpdayy sajeanpdayg

D -0Ss e 1 § 193¢ (3) sapdures
[0S JNSYNIAS 1) Jo N[TIEAL

D =501 ¢\ §7 10y¢ (3) sopdunes

[I0S JPINNLAS T[] JO N[SIIpN

(3) sopdures pros opauss
I 1[2.18)S JO JUNOUry

survu afdureg

TONSNAUI0D 22 pUe ) 60T I [T Togfe sP[31am pue sajdures [10s a1apjuss ur asonf[22 Jo JUnomwy : 3que L

SFO8C | BLYLT | SELBT | 6stty | OTELY FI$ 6T | 90€8T | TT96C | LO9FF | BOL'SF | SOT'8T
IA A Al I I IA A Al I 11 I
saqeorpdeyg sayeorpdoyy

D 0SS e g e (5) [os dL{NIAS ) Jo NSeM AL

D oSOT e 1 £7 193J¢ (5) [10s JN[LAS 1) Jo N[FIoM AL

"ASO[N[[23 YA 5)$3) UI Pasn 108 SN AJULS JO UOLRUINLIAP PUnoEyaeq 10f eep [ejuamLadey (gajqe .

74



30 9o 68870 0T00FF6T € 2 00T 04108 '8
L b ) 99¢°0 EFTOFILT'E 2 00T O+J1Os '8
'l 0TT1'0 0ETO STO0F9ET € 3 0S50 O+[T08 8
} 000°0 0000 LOO0FS06'T puno.Eyeq
J2])BUL JTULS.T0 (v%)

LIX9 [CITIA.10N])
/ PPO.ANSEATA]

I3)jeul JUES.I0
EI)X9 [EIAI0AN ],

(04) I93)0UI JTUES.10
LI)XR PRINSEITY

("p's FeaMLA WMEIUL)
(95) "S"A paamseay

aureu spdurvg

I08 JNAJUAS

I 250[N][22 [P $153) UT I2)JRTT JTURSI0 ROX [eI1T0aT]) pUE PaInseatl usamiaq oner ‘sajdures
(108 JUAIATIIP A1) JO JAPLU STUESI0 [EI1ATI0AN) PUL PAINLLIU “SPI[OS A[ULR]OA PAINSLATY (T o[qe L

75



LT'T Ly o e LLDOFR0S°E qQ 00T O+res s

L£9°0 LETO 8s1°0 8D 0FCIT Q00T O+ros s

0T £TT0 6¥To FEO0FFOT € QOO 0+HTOs S
= 0000 00070 9E0°0Fss6'C punomsyjoeq

JI3))eUI JuesIo
LI)XR [EITIR.T031)
/ POINSEITA

(24) TapEw
JMIESI0 BIJX3
[LRINERCEIT R

(04) TapeUr HIESI0
LI)XD PIINSEITA

(*p's FsameA ueaur)
(00) "S"A paansea[y

sureu spdureg

JI0S JWAIJUAS UI BLISIORQ [PIAL §)83) UT Ta)Jel JTUESI0 BIXS [RI1J2I103T) PUR PaINseall Uaamjaq o1jel
‘sapduns (108 JUSIIIIP 1) JO TR RS0 [RI[AI03) PUR PAINSRAUT “SPI[Os [UR[oA pamseay :7T o[qeL

T60°TF LLY T FLETY Sy o w0ty G68'TY L6T0 80T°0 T0T0 | Q00T 0408 'S
88T 9¢ 8811+ 6TETY 0T LE trsT 09Ty 060°0 T0T°0 00T0 | Q00T O+ros '8
EETSE Te8 T S60Tr EETLE T ¥ 9LV TF 00 7500 00 | QOS0°0HTOR S
SF98T 8L¥LT SEL'8T rIs6T 90€ 8T 96t 0000 000°0 00070 punossyoeq
I I I I I I I I I
sayearpdayg saquarday] saquarpday
D -0SS e | g 19k (3) sepdumes D ~S01 W N 7 19y (5) sejdures (3) sopdures [Ios JPANIAS
[I0S JNPIPLLS 911 JO N[SIa A\ [10S JAPUAS NI JO N[I@ AN Ul 1[2.1¢)S JO JUNOULy euurordureg

TOTSUUICD [2)J2 PUe ) ¢ T I8 Y7 2Fe siy5iam pue safdumes [1os Snauis Ul eLRjaeq Jo Unowy T 3[qe ],

76



The relationship between the measured extra orgamitter and the
theoretical extra organic matter are shown in Fag8ir4 and 5 for test with
starch, cellulose and bacteria respectively.

For starch (Figure 3), volatile solids closely etated (R=0.99) with the

amounts added to the soil and only in one case ¥®.2ddition) a large
standard deviation was obtained (the highest géyneiatained) (see Table
7). As results obtained with polyester, only whearch addition was 0.4 %
the measured values were statistically differemfthe initial one.

starch in synthetic soil
2.000
1.800
1.600
1.400 ~
1.200 +
1.000 -
0.800 -
0.600
0.400 -
0.200 | R A

0.000 =¥ : : :

0.000 0.100 0.200 0.300 0.400 0.500
theoretical extra organic matter (%)

measured extra organic
matter (%)

Figure 3: Relationship between the measured extra organiteneaid the
theoretical one in experiment with starch in sytithgoil.

cellulose in synthetic soil

2.000
1.800 -
1.600 -
1.400
1.200
1.000
e 0.800
0.600 -
0.400
0.200 N

0.000 ¢ ‘ ‘ ‘ ‘

0.000 0.100 0.200 0.300 0.400 0.500
theoretical extra organic matter (%)

atter (%)

L 4

measured extra organic

Figure 4: Relationship between the measured extra organiteneaid the
theoretical one in experiment with cellulose intkatic soil.
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bacteria in synthetic soil
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theoretical extra organic matter (%)

measured extra organic
matter (%)

Figure 5: Relationship between the measured extra organiteneaid the
theoretical one in experiment with bacteria in bgtit soil.

The results obtained with cellulose and bacteriguiie 4 and 5) show lower
correlation (B= 0.87 and 0.85 respectively) and variable standexdations
(Table 10 and 12). This could be explained by aelolomogeneity of the
synthetic soil sample. Moreover, for bacteria, haossource of error can be
the incomplete separation of the inorganic comptmef the growth
medium from bacteria.

5.4 Conclusions

The aim of the work was to investigate the serigjtiof combustion at 550°

C to measure low differences of organic matter @anin soil samples. The
preliminary results show a good relationship betwewseasured extra
organic matter determined by volatile solids anel &mount of the added
organic matter. Standard deviations are generally(k 5 %), but too high

to measure small differences in the organic mattertent of the tested
samples.

So, at present, this method can not be considexexpletely reliable in the

studied range.

Anyway, the confirmed linear relationship suggdbts the method can be
useful but the accuracy and precision of the memsents have to be
improved. The results obtained in synthetic soihgles seem to be better
than those obtained in natural soil, maybe bec#usestarting content of

organic matter is lower. To reduce errors, paréicaktention must be paid to
the preparation of homogeneous samples and mdrieates could be made.
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6 Biodegradation in soil of a model polyester:
process description and carbon balance

ABSTRACT

The increasing use of new generation plastics s accompanied by
development of standard methods for studying tHmodegradability.
Generally, test methods are based on the meastine QfQ production, i.e.
the mineralization degree of the tested materldéscertheless, in order to
obtain a complete description and quantification tlié biodegradation
process, the determination of biomass productioth @ihthe amount of
material remained in the environment is very imgott In this work the
biodegradation in soil of a model polyester wagligttl by quantification of
carbon balance at different time of the mineraioratest. CQ production
was measured by respirometric test, biomass deseldpring incubation
was determined by soil combustion, and polyesi#érpsesent in soil was
retrieved by solvent extraction. Nuclear Magneties&ance was used in
order to identify the structure of possible by-prot. The results confirm
the precision of the mineralization tests for th®,@etermination. Carbon
balance was obtained after 78 and 140 days of @timub (when polyester
mineralization was about 21 % and 37 %) and aetite (245 days, with 63
% of mineralization, 100 % if referred to cellulogsed as control). The
carbon balance results possible during the tesn divit is overestimated
(120 % and 110 % after 78 and 140 days of incubatspectively), so that
the precision of the method have to be improvedyarticular for biomass
determination by soil combustion. NMR analysis it soil extracts suggest
that no polyester by-products remain in soil: th@ygster concentration
decreases but its structure remains the same dinengrocess. At the end of
the test, the biomass in soil amended with polyestults not different from
the blank. Moreover no polyester can be extracteoh fthe soil and NMR
acquisitions and GPC analysis of the extracts sigbat in soil there is no
polyester. The final carbon balance is represenidyl by the mineralization
rate, but everything suggests that polyester wawptaiely biodegraded.

KEYWORDS polyester biodegradation, carbon balance, NMR aatgpn

Work in progress
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6.1 Introduction

In the last twenty years, biodegradable polymenge haceived attention
because of their possible use in a large numbeppfications, taking the
place of traditional plastics.
From the beginning of 90s several new materiale leen developed. The
industrial development of new biodegradable pladtias been accompanied
by parallel development of suitable standard andter@ defining
compostability (ASTM D6400, ASTM D6868, EN 13432)r o
biodegradability in soil (ASTM D5988, 1996; ISO B&, 2003). Generally
test methods are based on the evaluation of thecadion dioxide
production, i.e. the CQevolved from the substrate added with the test
material minus C@evolved from the substrate (blank).
The biodegradation reaction, under aerobic conuitids:

C polymer+ Oz—> Coz+ HZO + Cresidue+ Cbiomass
In order to completely describe biodegradation ofmaterial is very
important to quantify and identify possible by-pucts (Bellia et al., 1999)
and determine the carbon linked to the new gergrdti®mass. In
biodegradation tests based on complex organic xnaich as compost or
soil (that well simulate real conditions) the prmese of carbon in the
medium makes carbon balance difficult to perforrangieras et al., 2004).
Carbon present in the tested substance is genekalbyvn and CQ@
production can be accurately measured by respiraniests; C linked to the
residues can be estimated by extractions with stlvEnerefore biomass
production could be determined subtracting theaarineralized into CO
and remained linked to the residues from the int&rbon of the tested
substance. Nevertheless, this is an indirect egsbmaof the biomass
production. A measure of the biomass is importantte carbon balance, in
particular where extraction of material from thedien results difficult or
requires the use of toxic or dangerous organicestlv
The aim of this work was to describe biodegradafiorsoil of a model
polyester by quantification of the carbon balantaifferent times. C@
production was measured by respirometric test, &gsrdeveloped during
incubation was determined by soil combustion, aolgigster still present in
soil was retrieved by solvent extraction. Nucleaagvletic Resonance was
used in order to identify the structure of posskyeproducts.

6.2 Materials and Methods

6.2.1 The tested substances

The experimental work was carried out using a mqadyester expressly
synthesized by Novamont S.p.A.. It is a polybutiéeacate ((GH2404)n,

C content 65.4 %) with a linear aliphatic chain masy butanediol and
sebacic acid; it was obtained by standard techsiqoé monomers
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condensation. The relative molecular weights of thayester were

measured by gel permeation chromatography (GPC)itanstructure was

resolved byH-NMR and®P-NMR before incubation in soil.

Cellulose ((GH1¢0s),, C content 44.4 %) was supplied by Merck and ased
reference material in biodegradation test.

The two polymers were incubated in soil as powder.

6.2.2 Biodegradation test

An agricultural soil sample, collected in Arborittaly), was used for the
respirometric test that was carried out accordng3$TM 5988-96. Soil was
freshly collected, sieved (< 2 mm) and used withifew days. Moisture
(measured as weight loss of soil samples after 2¢ h05° C) and pH
(measured in deionized water with a soil-to-solutratio of 1:2.5 (w:v))
were adjusted before the test starts. Ca@®%b in weight) was added to the
soil to increase its natural pH from 6.19 to 7.T%e buffered soil was
prepared, left at room temperature and periodiaaityed for 3 days to let
release of C@produced during neutralization.

500 g of moist soil (water content 16.2 %) wereuleted at room
temperature (21+2° C) in the dark, in hermeticallysed jars (3 1), with test
substances (2 g, accurately weighted). Blank jaithout test substances,
were also prepared. Each jar contained a beaked fiith 0.5 M KOH (40
ml), which was regularly titrated with 0.25 M HGCI brder to measure the
CO, production within the jar. The measurement wasiedrout every 3
days in the first two weeks and weekly thereaiféhen beakers were taken
away from jars to titration, the jars remained ofrem 15 to 30 minutes, so
that the air was refreshed before replacing frestagsium hydroxide. Soil
moisture was not adjusted during the test. In hecaléy closed jars, water
evaporating from the soil saturates the headspaeeviery short time and,
consequently, any further water loss is negligititerefore the soil moisture
can be considered as constant during the testderio

Mineralization percentage is obtained accordinthéofollowing equation:

(Mg CQ molecule— MY CQ pian) / SaMple weight * %C * 3.6667 * 0.01

where:

Mg CQ moleculelS the amount of COmeasured in the test jars;

mg CQ pank isthe amount of C&produced in the blank jars;

3.6667 is the ratio between g@olecular weight and C atomic weight.
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Overall, twelve jars were prepared: four for blamakel four for each tested
polymer (see Table 1 for the experiment set-upjerA¥8 and 140 days of
incubation, three jars (one for cellulose and pstigeand one blank) were
used in order to analyse the soil. At the end eftést (245 days), soil of the
remained jars was analysed.

6.2.3 Organic matter determination

Organic matter concentration in soil samples wasmesed by dry
combustion, heating soil at 550° C. About 50 gaf samples were placed
in ceramic crucibles and oven-dried at 105° C ideorto remove water.
After 24 h, samples were cooled in a desiccatoighesl and combusted at
550° C in a muffle furnace. After 8 h, samples weoeled and weighed.
The volatile solids were calculated using the folltg equation:

VS = (oven dry soil weight — soil weight after cousltion) / oven dry soil
weight

Each soil sample was measured in triplicates asdlteewere expressed as
mg gldry soil

Organic carbon in soil was indirectly estimatedrirgolatile solids using a
conversion factor of 1.724 (i.e., g organic mattkr724 = g organic carbon),
based on assumption that organic matter contair® %8ganic C (Nelson
and Sommers, 1996).

6.2.4 Soil extraction

In order to characterise and quantify residueseftested polyester, 150 g
of moist soil samples (soil amended with polyested blanks) were oven-
dried at 105° C to remove water. The dried soilsenextracted in soxhlet
with pure chloroform for 8 h. After chloroform wasmpletely removed, the
extracts were weighted and analysed by GPC and NMR.

6.2.5 GPC measurement

Gel permeation chromatography (GPC) is the moseblyidsed technique
for analyzing polymer samples in order to deterntiredr molecular weights
and weight distributions.

10 mg of sample were completely dissolved in 10 ahlchloroform.
Suspension was filtered through a polytetrafludrgleine (PTFE) filter (@ =
0.2 um) and 500ul of the filtrate were used for the GPC measurement
(model Agilent 1100)The instrument was equipped with a refractive index
detector (RI) and three PLgelus columns in series (10E4, 10E3 and 550
A). Calibration curve was obtained using polystgr¢from 696500 to 580
Dalton) as standard. The measurement was carriedtat0° C, with pure
chloroform as eluant, at a flow rate of 1 ml / min.
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6.2.6 NMR acquisition

Nuclear magnetic resonance is used to study chérsinzctures. It is a
simple one-dimensional technique and it finds aapions in several areas
of science. In this work it was applied in ordeidentify the structure of the
model polyester and to identify the chemical natofepotential residues
extracted from soil. Samples were analysed by ttoadil proton and
innovative phosphorus-31 based nuclear magnetmnagxe spectroscopy
(*H-NMR and *P-NMR). *P-NMR is a sensitive technique used for the
determination of different phenolic and other lignfunctionalities by
Argyropoulos and co-authors (King et al, 2009)hdis also been used for
studying biological system such as lipid metabslitBeSilva et al., 2009;
Oostendorp et al., 2006) with hydroxyl and carboygsdups or to quantify
fatty acids and glycerides in olive oil for qualitpntrol purposes (Spyros
and Dais, 2000; Dais and Spyros, 2007).

The *P containing reagent, 2-chloro-4,4,5,5-tetrameibytpbhospholane
(CTMDP), was used asphosphitylation reagent to derivatize the sample
(Figure 1). The derivatized functionalities wenen detected with enhanced
resolution using *P-NMR. The different investigations previously
mentioned report CTMDP to be an excellent derivadizreagent for
molecules with hydroxyl, carboxyl or aldehyde fuantl groups. This
derivatization approach is considered relativelst fand simple; the method
requires only modest amount of sample preparatimth @an be used to
identify lipophilic functionalities without the usef chromatography
(DesSilva et al., 2009).

O~JmcH, O~fncH,
RCH,—X—H + CI—P RCH,—X—P
No—"T==CH, ; No—T==CH,

X =0, COO, Co X=0, COO

Figure 1. Scheme of sample derivatization using CTMDP (D&§iR009).

'H-NMR

The samples were prepared by dissolving 20 mg ofpkain 1 ml of

deuterated chloroform (CDglon 5 mm NMR tubesH NMR spectra were
collected using a Bruker-300 spectrometer (opgyaiirB00 MHz). The total
number of scans for all experiments was 64 witlaeguisition time of 1.60
S.

3P-NMR

20 mg of sample were dissolved in 800 pl of a miextaf pyridine and
CDClz in 1:1 volume ratio containing chromium acetylacette, Cr(acae)

Respectively 10l of the Internal Standard (IS N-hydroxynaphtalirdeji

86



and 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphosmphe (CTMDP) were
added (Granata and Argyropoulos, 1995). The ohdesodutions was placed
in a5 mm NMR tube and tHéP-NMR spectra were obtained on a Bruker
AMX 500 spectrometer operating at 202.2 MHz for thleosphorus-31
nucleus. The probe temperature was 25° C.

6.3 Results and Discussion

6.3.1 Model polyester characterization

Figure 2 shows the powder of the model polyestedus this study. The
polyester was analysed by GPC and NMR-KIMR and*'P-NMR) before
biodegradation test starts.

Figure 2: Polyester as it appears before incubation in soil.

GPC chromatogram (Figure 3) reveals a Gaussiarribdigon of the
molecular weights. The number average moleculaghtegiM,) is 54741 g
mol* and the weight average molar mass,\Ns 141260 g mdi; the
polydispersity index is 2.58.

87



norm. Wil

T T T T T T T T T T T
14 103 1.5

Figure 3: GPC chromatogram of the model polyester.

Figure 4 shows the model polyester chain with tettéhat indicate the
methylene groups. It is a polybutilen-sebacate @mdH-NMR spectrum

(Figure 5) shows five well resolved peaks in chiorm solution. Table 2
lists the observed peaks, their chemical shiftsjrtmtegrations and their
resonance assignments based on the literaturetsef@ostendorp et al.,
2006) or on database available on line (SDBS, $aldoatabase for Organic
Compound, web site).

o
9 a b c e e d
HO\(\/\/\/\)LEO/\/\/O o/\/\/OH
‘O b a i) d e e c n f
Figure 4: The polybutilen-sabacate chain.

Table 2: Chemical shift, integration and resonance assigtsrfensignals

identified.
Peak ID Ch(eagn(lgglms)hﬁt Integration Assignment
a 4.02 4 -E1,-O-
b 1.63 4 -E ,-CH,-O-
c 2.22 4 -E,-C(O)0-
d 1.54 4 'CHrz'CHz'
e 1.23 8 -El,-
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Terminal methylene groups of butanediol (f in Fegut and 5) can be
recognized at about 3.64 ppm. Terminal methyleoems of sebacic acid (g
in Figure 4) should be at 2.30 ppm, but they aneeced by peaks c. The
amount of terminal methylene groups results ndgkgif compared to the
internals, confirming that the model polyester ohlaas an high number of
monomeric units.

—4.02

2.22
—163
—154

——1.23

) )

369]
] 476{
777{

N e B B s e s e e LA s e s T T T T T T T T T
4.3 4.0 3.7 3.4 3.1 2.8 25 22 19 16 13 1.0 0.7
ppm

Figure 5: "H-NMR spectrum of model polyester.

Hydroxyl and carboxylic functionalities were iddigd by *P-NMR
acquisition after derivatization using CTMDP. Tweridatized species were
resolved (Figure 6): butanediol terminal hydroxybgps appear at 147.15
ppm, sebacic acid carboxylic groups appear at X3@pm. The area of peak
related to hydroxyl group is twice the area of casttic, and this suggests
that butanediol terminals are double than sebadit @anes. Thé'P-NMR
permits also an absolute quantification of the geopresent in the polymer:
0.05 mmol/g for —OH and 0.03 mmol/g for —-COOH.
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Figure 6: *'P-NMR spectrum of model polyester.

6.3.2 Mineralization, organic matter determination and
analytical analysis

At the beginning of the test volatile solids of tbeil were measured and
results 63.83+0.69 mg'lg;y soir Cellulose and polyester were accurately
weighed, mixed to the soil and incubated.

Figure 7 shows mineralization curves obtained ffigr two polymers. Each
point represents values obtained from the expetaheata of the replicates.
Black symbols refer to cellulose, white symbols polyester. The
reproducibility of results is very good: measurasréplicate jars are, in
practice, the same.

Polyester experimental curves show a lag phasebo@ital0 days, then
mineralization starts and continues steadily uh#l plateau phase, reached
at the end of the test. The final value is 63 %.

For cellulose, lag phase is of 3-4 days; the bicaldgtion phase, in which
mineralization is fast, lasts 18-20 days so thairia month about the half of
the final mineralization (59 %) is reached.

If compared to the cellulose (the reference subsfarnhe relative polyester
mineralization is 100 %.

At different time intervals, the soil of one reactut of three replicates (one
blank, one in which polyester was incubated andiomnehich cellulose was
incubated) was used for the determination of oranatter and for the
extraction of possible biodegradation by-products.
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Figure 7: Mineralization curves of cellulose and polyestdack symbols refers to
cellulose, white symbols refers to polyester.

After 78 days of incubation, the soil of three tea¢R4, R8 and R12) was
used for the analysis. 1245.8 mg, 2652.1 mg an®.2281g of CQ were
measured in blank and in the jars with cellulosd palyester respectively
(mineralization results 42.5 % for cellulose andbB1% for polyester).
Volatile solids were measure9.77+3.10) mg Gury sos (60.63+1.95) Mg Giry sois
(64.97+1.21) mg duy son Were obtained for blank, cellulose and polyester
respectively.

Blank and polyester were extracted in soxhlet whloroform. The extracts
(0.3983 Mg Gary soi @and 1.6633 mg Gy soi for blank and for the polyester)
were weighted and used fid-NMR and *'P-NMR analysis. The spectra
obtained by the analysis of the extract of the smoilended with tested
polyester were qualitatively the same obtained fibe polyester
characterization, so blank was not analysedHiNMR spectrum (Figure 8)
a split of the signal can be observed at 4.16 asd ppm;>'P-MNR
spectrum (Figure 9) show that, after 78 days adifbation, the ratio between
hydroxyl and carboxylic functionalities results abdl:1, while in pure
polyester the ratio was 2:1. These results suggesicrease of short chains,
but the original structure of the model polyestemswnot significantly
changed. In fact also the absolute quantificatibthe groups indicated no
modification in the polymer: 0.05 mmol/g for —-OHogps and 0.04 mmol/g
for —.COOH. The polyester extract was analysed dlgo GPC. The
chromatogram is shown in Figure 10 and confirms diféer 78 days in soil,
only limited loss of molecular masses can be oleskerv
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Figure 9: *'P-NMR spectrum of extract of soil in which polynweas incubated
from 78 days.
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After 140 days of incubation the same analysis veage with other three
soil samples (R3, R7, R10). G@volved from each jars resulted 1787.5 mg,
3479.3 mg, 3580.5 mg for blank, cellulose and psilglerespectively and
mineralization reaches 54.2 % and 37.1 % for asdleland for polyester
respectively.

Volatile solids result61.58+0.3) Mg g"u soi for blank,(60.58+0.93)mg g'ury soi
for cellulose an@65.42+0.14)mg gldry soil TOI polyester.

0.4694 mg Jay soi and 1.1797 mg Gy so1 Were obtained by soxhlet
extractions from blank and from polyester respetyivNMR acquisitions
(data not showed) were not significantly differéoim that obtained after 78
days of incubation.

At the end of the biodegradation process (245 dalgsmde of the six
remaining jars were immediately analysed (R1, %, R

Final mineralization values of the cellulose andiygster were about 60 %.
The final amount of COmeasured in the jars was 2316.1 mg for blank,
4180.4 mg for cellulose and 5355.9 mg for polyester

Volatile solids result(61.94+1.23) Mg g'ay soi (59.60+1.38) Mg Glary soiv
(60.69+1.21)Mg gldry soil TOr blank, cellulose and polyester respectively.

Blank and polyester were extracted with chlorofamd polyester extract
weight results lower than blank (0.329 mgldrg soi for blank and
0.1553 mg Jary son fOr polyester).

93



—5.28
—4.02
—3.57
2.22
1.93
—1.63
—1.50
121
—0.81

Figure 11: *H-NMR spectrum after 245 days of polyester incuratn soil.

After 245 days of incubation in soil, thEe-NMR spectrum of the extracts of
soil amended with polyester (Figure 11) is eviderdlfferent from the
original one. It is more complex, maybe becausekdratind species
belonging to the soil overlap same polyester pe#leaks refer to the
polyester monomeric compounds (chemical shifts ,4083, 2.22, 1.50,
1.21 ppm) can be recognized, but others signalpditicular at 0.81 ppm,
the typical chemical shift of methyl groups of algtic chains) appear on the
spectrum, generated maybe by many other molecuteasonably
phospholypids, fatty acid or triglycerols presansoil. Similar peaks can be
observed iftH-NMR spectrum obtained for blank sample (Figurg 12

In the polyesterH-NMR spectrum, a specific peak at 3.57 ppm can be
recognized. Due the fact that this group is absetite blank soil sample, it
can be related only to the polyester (terminal hedi#ol methylene groups —
f in Figure 4 and 5). The ratio between the peadaasf the methylene
groups of butanediol adjacent to the ester group Fagure 4 and 5) and the
area of terminal methylene groups (f in Figure 41 &) decreases. This
suggests that the number average molecular wdigt)tqf model polyester
is notably decreased and that only short olygomargin in soil after 245
days of incubation.

In 3'P-NMR spectrum (Figure 13), peaks refer to hydraytl carboxylic
groups can be recognized. The peak at 134.8 pprid d@urelated to the
acid generated by the hydrolysis of polyester &edacids present in the soil
(Figure 12, peak at 2.39 ppm). Moreover, other peakund 149-145 ppm
are detected, highlighting the presence of mono diadylglycerols from
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soil. Also the absolute quantification of the grd@pl1l mmol/g for OH and
0.14 mmol/g for -COOH) confirms the polymer degrauia
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Figure 12: *H-NMR spectrum of blank extract.
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Figure 13: *P-NMR spectrum after 245 days of polyester incuiwgitn soil

Blank and polyester soil extracts were also andlyseGPC. No differences
can be found between the two chromatograms (datashown). In
particular, in the polyester chromatogram, only lmtensity and not well
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defined signals above 1000 Da (lower bound of calimesolution) can be
observed. This confirms the degradation of the lpatifen-sebacate.

The biodegradation of polybutilen-sebacate in sail also be observed by
the aspects of soil extracts obtained in the diffetime of the test (Figure
14). Extracts of soil added with polymer are infingt line (a) of the picture,
in line b there are extracts of blanks. At the hagig and after 78 or 140
days of incubation, polyester can be recovered foihas a plastic film. At
the end of the test the aspect of the extractdastkband of polyester are
very similar and this suggests that polyester imletely biodegraded, or, if
some short residues are still present, they aselglonixed to the soil.

& \ Lo
—
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= — "

After 78 days After 140 days After 245 days

T

Figure 14: Soil extracts at different time of biodegradationsiil. Down extracts
from blanks and up extracts from sample in whiclygster was incubated.

6.3.3 Carbon balance

The complete biodegradation reaction of a simplimer, made only by
carbon, hydrogen and oxygen, under aerobic comditan be described by
the following reaction:

Cpolymer+ 02_’ CC)2+ HZO + Cbiomass"' Cresidue
At any time of the test, polymer carbon (fyme) iS converted by
microorganisms into carbon dioxide, water and némhass (Gyiomasy and
part can remain linked to polyester residuegdtad.
The three components of carbon balance were olbtaage following
summarized:

=C-CO,: carbon dioxide production is measured by standesgirometric
test and then converted in carbon;

*C resique Carbon linked to polyester residues can be obthlvy extraction

of soil samples (soil with polyester and blank)hiiolymer solvent. The net
weight of the extract (weight of extract of soiltlvpolyester — weight of the
extract of the blank) is adjusted based on exwadtfficiency (80 %) and
then converted in Gsgqebased on the carbon content of the tested polyeste
(65.4 %);

*C piomass Measure of carbon linked to biomass is a delipatet. Because
volatile solids of soil samples can be considenecestimation of organic
matter and biomass present in soil, the net velatilids (volatile solids of
soil with tested substance minus volatile solidblahk) can be considered
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linked to the biomass or organic matter derivingonfr polymer
biodegradation. This term contains also the po#yestsidue in soil. So,
detracting the amount of polymer still present @il §om the net volatile
solids, an estimation of organic carbon linked tonass can be obtained
(using 58 % as correction factor).

The different carbon fractions were compared to dagbon of the model
polyester added to the soil (3.12 mg 'é:dg soi) at the beginning of the test
and expressed as percentage. Table 3 summarizaththaeferring to the
CQO, production, the measured volatile solids and te@hts of the extracts
elaborated as previous described in order to obitercarbon balance of the
model polyester. Table 4 shows the carbon balahtz@ned at different time
of the test.

Table 3: CGO, production, volatile solids and weight of the soitracts at different
time of the test.

Sample Measures Time from incubation
78 days 140 days 245 days

CO, (Mg G 4y soi) 2.97 4.26 5.53

Blank VS (Mg gy sod 59.77 61.58 61.95
Extracts (Mg Gary soi) 0.40 0.47 0.33

CO, (Mg G 4y soi) 5.355 8.54 12.78

Polyester VS (Mg gy sod 64.97 65.42 60.69
Extracts (Mg Gary soi) 1.66 1.18 0.16

Table 4: Carbon balance in different time of biodegradapoocess

Days from the start (days)
78 140 245
- 0
E:C%(\?&f,fé into CO)) 2156 | 37.1 | 63.38
- - 0
E:C(?er?n&gui;(e/;)in polyester residues) 32.37 18.59 n.m.*
- ) 0
E:C(f\ir?izgassé)ﬁ)b)iomass and organic matter) 67.95 °5.13| n.m.*
i 0
(C producte ] C at the begimning) | 12188 | 11087 6335

* n.m.= not measurable

During the biodegradation process, the three compsnof carbon balance
can be measured. After 78 days of incubation, @@duction results about
the 21 %, estimated biomass-organic matter prooluatias of about 68 %
and in soil remained about the 32 % of carbon linleethe tested polyester.
Because C@and recovered polyester represent about 53 %eobdéance,

the remained 47% was expected as biomass-organternpaoduction, but

result obtained by volatile solids elaboration vdgher than the expected
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value. Similar consideration can be made for baaaiter 140 days. The
CGO, production (37 %) was about the double of the ipres; and polyester
in soil (18 %) was about the half. Together thestifu 55 % of carbon.
Biomass-organic matter production was expectedttheo, but, also in this
case, it was overestimated (it results 55 %).

The obtained recoveries are more than 100 %. Tduis derived from an
overestimation of the measures of the net volatl&ls probably caused by
an apparent decreasing of organic matter in blaoknfthe beginning
(volatile solids at the beginning resulted 62.8880mg gldry soi)- A decrease
of organic matter in blank jars is reasonable tgkimio account that organic
matter of the soil is the only carbon source focnarganisms in blanks, but
a decrease could be negligible in the soil amendig¢ld polymer, where
polymer mineralization prevails on soil organic teatdegradation. This
could be important when the object of the worloigjiantify and distinguish
small amount of carbon contained in the tested metyfrom the higher
carbon of soil. We have also to taking into accdbat using natural soil for
testing the sensitivity of volatile solids methaat biomass determination,
overestimation of the expected values was alwayairddd. The use of a
synthetic soil to study biodegradation of new gatien polymers seems to
be interesting to increase the accuracy and retheerrors which cause
overestimation, and to reduce carbon backgroundctwhs too high
compared with the carbon of the polyester.

At the end of the test volatile solids of polyestesults lower than volatile
solids of the blankso that no biomass or organic matter can be esinat
the tested polymer was not recovered by extrad@mronfirmed by NMR
and GPC analysis. Polymer mineralization is higtliean cellulose
mineralization (63 % and 58 % respectively) so,theferring to the control,
mineralization is complete. Everything suggestd tha model polyester is
completely biodegraded and that no final biomassvidg from it can be
measured. At the moment, it is not yet possiblenthcate how 35 % of
C poymeriS converted at the end of the test.

6.4 Conclusions

The aim of the work was to determine the carborarzze during the
biodegradation in soil of a model polyester. Respitric test was used in
order to obtain the mineralization rate of the peter, that is the GO

production. Carbon linked to the residues of thedegradation in soil was
recovered by solvent extraction of the soil sampdesl biomass or organic
matter production deriving from the biodegradatieas estimated by soil
samples combustion.

Results suggests that the three component of cabl@dance can be
measured during the biodegradation process, evéneifprecision of the
method have to be improved, in particular for \itdagolids determinations.
The analytical analysis made on soil extracts revdat polyester
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concentration in soil decrease over time, buttitscture remain practically
the same, so that no by-products can be recovered.

At the end of the test, when the plateau phasereashed and the model
polyester mineralization was higher than the ceflal one, the biomass-
organic matter in soil amended with polyester rissobt different from the
blank soil. Moreover no polyester can be extradredn soil and NMR
acquisitions and GPC analysis of the extract sughes in soil there is no
polyester.

The amount of carbon added to the soil with tepi@gester is too small if
compared with the organic carbon of the soil. Tigh ltarbon content of the
background can be source of errors and createuliffior accurate measures
of biomass production. As vermiculite can replacempost in
biodegradation in composting condition, a synthet@l could replace
natural soil for respirometric tests. In the sytitheoil, organic matter and
consequently organic carbon is ten time less thahe natural soil, so the
measurement of few mg of carbon of the testedtanbs can be more
accurate and reliable.

The analytical analysis result very important irdesr to understand and
describe the biodegradation process.

99



REFERENCES

(0]
(0]

ASTM D6400, 2004. Standard specification for comabke plastics.

ASTM D5988, 1996. Standard test method for deteimgiraerobic
biodegradation in soil of plastic material or resiiplastic material after
composting.

ASTM D6868, 2003. Standard specification for bia@eigble plastics
used as coatings on paper and other compostaldt atas.

Bellia G., Tosin M., Floridi G., Degli Innocenti F1999. Activated
vermiculite, a solid bed for testing biodegradaypilinder composting
condition. Polymer Degradation and Stability, 65,7®.

Dais P. and Spyros A., 2007P NMR spectroscopy in the quality
control and authentication of extra-virgin olivd: d\ review of recent
progress. Magnetic Resonance Chemistry 45, 367-377.

DeSilva M.A., Shanaiah N., Gowda G.A.N., Rosa-Pé&ezHanson B.,
Raftery D., 2009. Application of'P NMR spectroscopy and chemical
derivatization for metabolite profiling of lipophilcompounds in human
serum. Magnetic resonance in chemistry 47, S74:S-80

Granata A. and Argyropoulos D.S., 1995. 2-ChlohB,5-tetramethyl-
1,3,2-dioxaphospholaan reagent for the accuraterrdatation of the
uncondensed and condensed phenolic moieties imndigdournal of
Agricultural and Food Chemistry 43, 1538-1 544

ISO 17556, 2003. Determination of the ultimate berdiodegradability
in soil by measuring the oxygen demand in a reamter or the amount
of carbon dioxide evolved.

King G.AW.T., Zoia L., Filpponen I., Olszewska AXie H.,

Kilpelainen 1. and Argyropoulos D.S., 2009. In sdetermination of
lignin phenolics and wood solubility in imidazoliuchlorides using'P-

NMR. Journal of Agricultural and Food Chemistry 8236-8243

Longieras A., Copinet A., Bureau G., Tighzert LO0Z. An inert solid
medium for simulation of material biodegradation éompost and
achievement of carbon balance. Polymer Degradatnsh Stability 83,
187-194.

Nelson D.W. and Sommers L.E., 1996. Total carbogamic carbon and
organic matter. In: Methods of soil analysis, Rai2nd ed., A.L. Page et
al., Ed. Agronomt. 9: 961-1010. Am. Soc. of Agrdng. Madison, WI.

Oostendorp M., Engelke U.F.H., Willemsen M.A.A.®Vevers R.A.,
2006. Diagnosing inborn errors of lipid metaboligrith proton nuclear
magnetic resonance spectroscopy. Clinical Chemistryl 395-1405.

100



0 Spyros A., Dais P., 2000. Application BP-NMR spectroscopy in food
analysis. |. Quantitative determination of mono-d adiglycerides in
virgin olive oils. Journal of Agricultural and Fodghemistry 48, 802-
805.

0 UNI EN 13432, 2002. Requirements for packaging vecable through
composting and biodegradation - Test scheme arndadian criteria for
the final acceptance of packaging.

Web sites:

0 Spectral Database for Organic Compounds, SDBS. kreb site
organized by National Institute of Advanced IndatiScience and
Technology (AIST), Japan. (http://riodb01.ibase.gsjp/sdbs)

Acknowledgments

Authors are very grateful to Prof Orlandi and Dri&zof the University of
Milano-Bicocca for NMR acquisitions and interpreas.

101



102



7 Conclusions

The work was developed in order to describe theldgoadation of new
generation plastics in soil. For such purpose,rdahgtic aliphatic polyester
was used as model polymer. Most components involaethe reaction,

including reactants and products, were taken iotmant (carbon dioxide,
biomass production and polymer) in order to imprtheecarbon balance.

At the end of the test, no extra biomass was dedeghd no polyester was
recovered from soil. This was confirmed with NMRyjasitions and GPC.

As to mineralization, the influence of some soiberties (pH and organic
matter content) was taken into account.

The model polyester has shown to be actively bicatben, with
mineralization values comparable to those of cedlel Its mineralization is
affected by environmental conditions. The role gjamic matter is not so
clear, even if it seems to favour the process.@ncontrary, the role of soll
pH seems to be more defined. The laboratory test® lshown that the
mineralization of the model polyester is fastenatitral initial soil pH than
in sub-acid conditions.

Because monomers are the by-products of polyesbele@radation, their
mineralization in soil was also investigated. Tktergtion was focused at the
influence of soil pH on the mineralization of temmomers chosen between
the most commonly used to synthesize biodegragaddjesters. The results
indicate that different pH sustain the same mineatibn rate at short term,
so that it is reasonable to suppose that no byymtedemain in soil during
the biodegradation of polyesters.

The fate and the biodegradation of monomers wasesiigated by
processing the experimental data on,@@duction (from ASTM tests) by a
numerical code proposed by Saponaro et al. (2@@&8ed on AQUASIM.
The model allows to estimate the values for thepaters related to the
mechanisms occurring to the monomers in soil (gmmptbiomass or by-
products production) as well as to quantify thel dBbsynthesis. The
biodegradation results are generally over 80% amdrfonomers such as
glucose, succinic and lactic acid, butanediol drasé&c acid more than 50%
of the carbon is estimated to be converted intonbss.

Biomass can be a large fraction of the biodegradaproducts and is
therefore an important factor in the carbon balance

Biomass variations in mineralization tests weringstied by determining the
total organic matter through calcination (i.e. amtoof volatile solids). The
obtained results encourage to proceed the workrdieroto improve the
accuracy of the method, by making, for example,en@plicates for each
measurement or by using a synthetic mineral soilsalsstrate for the
biodegradation test. As vermiculite can replacepmshin biodegradation in
composting condition, a synthetic soil could replanatural soil for
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respirometric tests. In the synthetic soil, the anmiaf organic matter and,
consequently, of organic carbon is ten times Ieas in the natural soil, so
the measurement of extra biomass formed duringegi@tiation can be
more accurate.

The results obtained in this work must be consmiexs preliminary, but
represent a starting point for the setting up aftandard procedure. They
confirm that biodegradation tests based on the umeasf the CQ
production are very accurate and precise. Howesegnticipated, they are
not sufficient for a complete description of biodegation in soil because
mineralization is only partial, even in case of fibdegradation, because of
biomass formation. The determination of biomasseltmment and the
characterization of possible by-products are vempdrtant for a complete
and reliable description of the process and todatloé underestimation of
the real biodegradation rate when only mineralizais taken into account.
In particular it seems important to deepen the iepbpility of the volatile
solids methods for the determination of biomasscésithat is a very simple
method that could be applied to every kind of saitd the possibility of
replacing natural soil with a synthetic one in malization tests in order to
reduce the amount of carbon of the medium thatdcbelsource of errors.
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