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Before the fossil era, at the beginning of the twentieth century, a large part of the
resources used by society in the production of goods was renewable. The availabil-
ity and versatility of chemical building blocks from crude oil obscured the interest
in wood and other natural materials. The impetus for the resurgence in the use of
renewable resources has come not only from the sustainability concept but also
from the potential for improved safety and environmental quality of biobased out-
puts due to their allegedly less hazardous nature (Chambers and Muecke 2010).

The European Green Deal is the most recent response to climate and environ-
mental-related challenges (EU 2019). Resource-intensive sectors such as plastics
are the focus of interest of policymakers, but a regulatory framework for biodegrad-
able and biobased plastics is not ready yet. Academic research is pioneering in this
respect. In the following, we will detail research evidence concerning the safety of
biobased products.

Figure 10.1 outlines the twelve principles of green chemistry (Kharisov et al.
2019). Many of them are inspiring for the multiproduct biorefinery fed by food
waste (FW), anyhow, in this chapter, we will focus on the possibility to avoid harm-
ful synthetic methods and catalysts in order to reduce the product toxicity due to the
presence of unsafe additives or volatile organic compounds.

10.1 Volatile Organic Compounds (VOCs) from Bioplastics

Volatile organic compounds (VOCs) are of concern as air pollutants. A clear defini-
tion of VOCs can be found in the Directive 2004/42/CE of the European Parliament
and of the Council. “*Volatile organic compound (VOC)’ means any organic com-
pound having an initial boiling point less than or equal to 250°C measured at a
standard pressure of 101,3 kPa” (The European Parliament and the Council of the
European Union 2004). Their indoor presence was correlated to negative effects on
human health and wellbeing and to the “sick building syndrome” (Cecchi 2014a;
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Fig. 10.1 The 12 principles of green chemistry

Adamovi et al. 2019) characterized by allergies, eye irritation, nose and throat mal-
function, and tiredness; hence the analysis of VOCs is crucial for assessing the
safety of both common materials and innovative bioplastics to be used in the build-
ing sector.

As regards bioplastics the VOCs fingerprint is essential for (i) understanding the
chemical processes involved in polymer synthesis, stability, and degradation, (ii)
detecting toxic compounds, including volatile catalyst, antioxidants, plasticizers,
and other additives (iii) detecting substances with distinct odor and taste whose
potential migration from bioplastics may lead to the sensorial deterioration of pack-
aged foods and beverages. The emissions depend on the chemical composition of
the material and climate conditions. Primary emissions, greatest after the synthesis
of the material, are due to nonbound VOCs that can originate from solvents, techno-
logical agents, and unreacted raw materials such as residual monomers, low molec-
ular weight oligomers, and polymerization byproducts. Secondary emissions are
due to chemically or physically bound VOCs formed during polymer decomposi-
tion, degradation, and oxidation, or reactions of the primary VOCs (Wolkoff 2003;
Cecchi 2014b).

Protocols for VOC determination should detect compounds in the part per trillion
to part per billion range. On-site, direct-reading methods are less precise and accu-
rate than collection methods, which can typically achieve a more sensitive quantifi-
cation limit since they involve the collection of the compound into a container or its
concentration onto a sorbent for later analysis.

As regards VOC emissions from bioplastics, there is a dearth in the literature
since it is allegedly felt that their biobased source guarantees their safety and the
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absence of any health concerns. Since the use of biobased materials for building
construction and for the automotive sector has become increasingly prevalent in
recent years, indoor air quality concerns related to VOC release have to be properly
addressed. In fact, indoor air quality issues and the reduction of the level of indoor
air contaminants within the interior of the building are the focus of interest of many
building rating systems and areas of legislation (Chambers and Muecke 2010; Wei
et al. 2015). European Collaborative Action ECA “Indoor Air Quality & its Impact
on Man” stimulated a multidisciplinary collaboration of European scientists.

Both EPA Compendium of Methods for the Determination of Toxic Organic
Compounds in Ambient Air (TO methods) and ISO standards for indoor products
emission testing are available; many countries have established mandatory or volun-
tary assessment programs regarding the release of VOCs from construction materi-
als and furnishing, but reference legislation that sets limits to the concentrations of
pollutants in indoor air has not been issued yet. Most of the available analytical
methods rely on either gas chromatography (GC) or high-performance liquid chro-
matography (HPLC). The ISO 16000 series of standards are of particular interest.
ISO 16000-6:2011 (ISO 2011), ISO 16000-9:2006 (ISO 2006a), ISO 16000-10:2006
(ISO 2006b), ISO 16000-11:2006 (ISO 2006¢) are used for VOCs determination
indoors. Most ISO standards have the corresponding ASTM standard.

The emission test chamber is widely used to test VOC emissions. It is a proper
chamber working at constant temperature and humidity, with a specific rate of air
exchange inside, where it is possible to place the sample whose emissions are stud-
ied. The airflow containing the emissions passes through a glass or stainless steel
sorbent tube, usually packed with a porous polymer stable up to 400°C, properly
designed for volatiles trapping. The thermal desorption unit enables the desorption
of VOCs from the sorbent cartridges; VOCs are quantitatively transferred to the gas
chromatograph, where they are separated during the chromatographic run.

The test chamber equipment is very expensive, and the procedure is very time-
consuming; for these reasons, academicians studied the possibility to use the Solid
Phase Micro Extraction (SPME) technique for the sampling step.

Compared to several sampling techniques, SPME shows the advantages of being
solvent-free, cheap, and easy to use. The low cost of the very compact and light-
weight device, the possibility of automation, and the simplicity of coupling with
chromatographic techniques are further advantages of the SPME sampling strategy.
This environmentally and user-friendly technique allows for integrating sampling,
enrichment, and transfer to the chromatographic equipment. VOCs are usually
released from a sample sealed in a vial. The SPME manual device is illustrated in
Fig. 10.2. The holder has a needle containing a retractable fiber that pierces the vial
septum; the fiber, coated with an extracting phase, is then exposed to the sample.
Volatiles are extracted at a specific temperature for a specific time because the
extracted amount of each analyte is a function of temperature and time. The curve,
at constant temperature, flattens with increasing adsorption time; higher reproduc-
ibility is obviously expected in this flat equilibrium region; subsequently, the fiber
is retracted and transferred to the GC injection port where thermal desorption of the
adsorbates occurs. The extracting phase can extract different kinds of analytes from
different kinds of media. Absorbing fibres should be conditioned before use. The
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Fig. 10.2 SPME device

divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMYS) fiber is almost
universal because it is able to adsorb analytes in a wide range of polarity. The opti-
mization of adsorption time and temperature provides high concentration factors. If
the detection relies on a mass spectrometer, VOCs can be easily determined both
qualitatively and quantitatively. The identification of the constituents is usually
based on the comparison of the retention times with those of authentic samples, on
computer matching against commercial spectral libraries (http://webbook.nist.gov/
chemistry/) (Cecchi and Alfei 2013), and by comparison of their Kovats retention
indices relative to n-alkanes, calculated using straight-chain alkanes mixture, with
the averaged values reported in the bibliography for chromatographic columns simi-
lar to that used (van Den Dool and Dec. Kratz 1963).

Noteworthy, sampling via SPME is independent of humidity if it is not exces-
sively high (Harper 2000). Anyhow, partition equilibrium composition depends on
analyte volatility, sampling temperature, and time because competitive adsorption
may occur; hence it is essential to adjust the design of experiment in order to pin-
point the best extraction conditions. The main drawback of SPME is the fact that
absolute quantity determination is not straightforward (Pawliszyn 2011): the quan-
tity of analyte extracted by the fiber is proportional to its concentration in the sam-
ple as long as equilibrium is reached; anyhow, determination of amounts of target
compounds relative to total peak area easily allows the comparison of quantities of
the same compound in different samples under constant conditions.

Emissions from PLA and PLA composites were sampled via SPME and mea-
sured through gas chromatography coupled to mass spectrometry (SPME-GC-MS)
(Cecchi et al. 2019; Salazar et al. 2017).
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The identification and quantification of VOCs formed after extrusion and after
thermoforming of some commercial types of PLA via the SPME-GC-MS appara-
tus was studied. The extruded film released more analytes (namely acetaldehyde,
acetone,2-methyl-2-propanol, acetic acid,2,3-pentanedione,2,4-dimethyl-
2-pentanol,2,3,4-trimethyl-hexane, and2,2,4,6,6-pentamethyl-heptane) and higher
amounts of VOCs than thermoformed samples. After 6 months of PLA storage at
ambient conditions, the presence of VOCs decreased (Salazar et al. 2017). From a
commercial point of view, these results are remarkable: the detected VOCs have dis-
tinct odor and taste and their migration may lead to the sensorial deterioration of
packaged foods and beverages; interestingly, VOCs in PLA samples are not pro-
duced during storage at room temperature, but only during its processing at high
temperatures.

A SPME-GC-MS apparatus was used to study the volatile fingerprint of both
PLA obtained from (S)-lactic acid and the same PLA compounded with ceramic
food waste powder fillers, such as eggshells and mussel shells. Volatiles from bio-
composites can originate from the matrix polymer or from the natural-filler or from
a combination of the two (Cecchi et al. 2019).

The molecular fingerprint of VOCs from PLA and from its composites is out-
lined in Table 10.1. It details the odor type (Dunkel et al. 2009) and the chemical

Table 10.1 Odor type, experimental and literature retention indices (RI), average GC peak areas
and standard deviation (triplicate experimental design), and chemical class of VOCs analyzed by
HS-SPME-GC-MS

Trans (R,S)
6-methyl-5- lactide Cis (S,S)
Analyte Heptanal |hepten-2-one | Nonanal | (meso) lactide Decanal

PLA area count | 1.98E+05 | 3.86E+05 2.18E+06 |9.64E+04 5.26E+05 | 7.30E+05

PLA area count |2.96E+04 | 6.38E+04 1.94E+05 | 2.68E+04 9.29E+04 | 2.60E+05
ST DEV

PLA/mussel nd nd 2.15E+05 | 7.42E+04 3.39E+05 | 2.24E+05
shell area count

PLA/mussel nd nd 1.12E+05 | 4.46E+04 1.21E+05 |3.16E+04
shell area count

ST DEV

PLA/egglshell | 4.14E+05  3.96E+05 3.69E+06 | 7.22E+04 6.39E+05 | 2.28E+06
area count

PLA/egglshell 1.04E+05 | 1.02E+05 1.82E+06 | 1.98E+04 2.13E+05 | 1.10E+06
area count ST

DEV

RI lit 902 999 1115 na na 1214

RT exp 906 1009 1126 1168 1199 1225
Chemical class | Aldehyde | Ketone Aldehyde | Ester Ester Aldehyde
Odor type Green Citrus Aldehydic | na na Aldehydic

Adapted by permission from Springer Nature: Environmental Science and Pollution Research.
Unprecedented high percentage of food waste powder filler in poly lactic acid green composites:
synthesis, characterization, and volatile profile. Cecchi T., Giuliani A., Iacopini F., Santulli C.,
Sarasini F., Tirillo J., 26:7263-7271, 2019. https://www.springer.com/journal/11356
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class of each VOC, its experimental and literature retention indices (van Den Dool
and Dec. Kratz 1963), as well as its abundance.

Interestingly, priority air pollutants released by fossil plastics that pose a signifi-
cant public health threat (such as phenylalkanes, phthalates, and bisphenol A) are
missing from the volatile profile of PLA and its composites. It is rewarding to
observe that VOCs known to be causative factors of hormone disruption or repro-
ductive dysfunction are similarly missing.

The volatile profile is very simple. Fig. 10.3 shows the chromatographic profiles
for raw PLA from (S)-lactic acid, PLA compounded with eggshell powder, and
PLA compounded with mussel shell powder. Cis-(S,S)-lactide and trans-(R,S)- lac-
tide are easily predicted to be released from the PLA matrix. The presence of cis-
(S,S)-lactide can be taken for granted since it is the dimer of the (S)-lactic acid used
to obtain PLA; anyhow, at high temperature, an inversion of configuration may
occur. This explains the presence of smaller amounts of trans-(R,S)-lactide.
Heptanal, nonanal, and decanal are typical food odorants that do not pose a concern
to public health: they were actually found also in the volatile fraction of both fillers.
Compounding PLA with mussel shells seems to reduce the VOC emission since the
chromatographic volatile profile of the filler is almost flat, and the presence of the
filler reduces the surface of PLA available for the emission of its volatiles. In this
respect, the filler behaves as a kind of PLA matrix diluent, decreasing its emissions.

It cannot be excluded, anyhow, that at a higher temperature, PLA and its compos-
ites are not exempt from other emissions due to thermal degradation that would not
occur at ambient temperature (Wojtyta et al. 2017); it was demonstrated that PLA is
one of the lowest emitters if used as a 3D printer filament (Azimi et al. 2016);
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Fig. 10.3 Chromatograms of pure PLA, PLA/eggshell powder composite, and PLA/mussel shell
powder composite.
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anyhow, the high temperature of the 3D printer nozzle may be responsible for
the emission of some the toxic or irritant VOCs from the PLA filaments, even if
VOCs apportionment, between PLA matrix and additives in the filament, can be
difficult; the specific source of the volatiles was unsure and, actually, out of hun-
dreds of VOC:s identified, only 5 ((S,S)-Lactide, acetaldehyde, 1-butanol, formalde-
hyde, and decanal) were consistently detected for all PLA filaments and thereby
linked to the PLA matrix (Davis et al. 2019).

The detrimental influence of increasing temperature on the VOCs emission was
demonstrated for neat PLA, PBS, and their bio-composites with pineapple flour and
destarched cassava flour. VOC and formaldehyde were measured via thermal extrac-
tor analysis, field and laboratory emission cell techniques, and 20 L small chamber
test with sorbent tubes and GC-MS analyses (Kim et al. 2011).

The detection of VOC (volatile oligomers) via SPME-GC-MS was also used to
monitor the changes in PLA matrix exposed to outdoor soil environment. Lactic
acid and lactoyl lactic acid appeared in the volatile profile of PLA films not before
12 months, thereby indicating that degradation in soil is a slow process due to hydro-
lysis and microbial metabolism (Gallet et al. 2000).

Main volatiles from a lignin/PLA/PHB composite, identified from pyrolysis
GC-MS, were sulfur compounds (Haz et al. 2018).

Naturally occurring di- and multifunctional carboxylic acids were used to cross-
link epoxidized sucrose soyate; the resulting highly functional biobased epoxy resin
was a VOC-free thermoset with excellent thermal and mechanical properties.
Fossilbased thermosets usually release volatile solvents or monomers, used to
achieve favorable properties and low viscosity during the curing process. For this
reason, these fully green VOC-free thermosets can replace fossilbased ones; note-
worthy, they could be degraded either thermally or in alkaline media (Ma and
Webster 2015).

However, it is felt that the VOCs release from bioplastics is far from being suit-
ably studied; hence it is a cogent research need.

10.2 Catalyst Residues and Green Catalysts

Intensive research efforts about catalysts used for the synthesis of bioplastics focus
on a number of different criteria for green industrial applications. First of all, the
catalyst should be effective with small loadings, and it should not be harmful to the
environment (during biodegradation) and the health since many materials have
potential application in the biomedical sector.

As regards renewable and biodegradable PLA, nontoxic, highly active green
catalysts for its polymerization would be highly desirable. Actually, tin(II)octano-
ate, Sn(Oct),, is the commonly used catalyst for the industrial ring-opening polym-
erization of lactide described in Chap. 6; its homogeneous nature impairs
the complete removal of the catalyst from the final product in which it is


https://doi.org/10.1007/978-3-030-63436-0_6

350 10 Assessment of the Safety of BioBased Products

incorporated. Its growing use is leading to an increased intake of residual tin into the
environment.

Due to its known toxicity for several aquatic organisms and many adverse effects
on enzymes, receptors, and whole organisms, replacement strategies in agricultural
applications are of great interest. Even if Sn(Oct), has been approved by the
U.S. FDA (Howard et al. 2019), its genotoxicity and cytotoxicity are major draw-
backs in biomedical applications (Parwe et al. 2017; Tanzi et al. 1994). The rem-
nants of tin-based catalysts hinder safe PLA application for medical devices and
food handling packages (Howard et al. 2019). The development of safe catalysts for
biopolymers synthesis is of great interest. Cerium trichloride heptahydrate is a non-
toxic and easy to handle Lewis acid catalyst in organic reactivity; a new and effi-
cient lactic acid polymerization by multimetallic cerium complexes yielded a
poly(lactic acid) suitable for biomedical applications, in high yields up to 95% and
a molecular weight ranging from 9000 to 145000 g/mol (Pastore et al. 2021).

Iron and zinc are prominent metal candidates as tin substitutes. Three biocom-
patible iron(II) hybrid guanidine complexes rely on a metal ion with a clear biologi-
cal role to polymerize lactide to long-chain polylactide with monomer/initiator
ratios of more than 5000:1 via the coordination—insertion mechanism and with an
increased polymerization activity compared to Sn(Oct), (Rittinghaus et al. 2019).
Achiral iron complexes proved to be stereoselective under mild reaction conditions
for the ring-opening polymerization of lactide for the production of thermally stable
and industrially relevant stereocomplexes (Marin et al. 2019).

Four new zinc guanidine complexes have been tested for the polymerization of
non-purified lactide under industrially relevant conditions: PLA with molecular
weights over 71,000 g/mol were achieved with a polymerization rate that compares
to that of Sn(Oct), (Schifer et al. 2019). Similarly, zinc L-Proline complex was used
as a safe catalyst in bulk polymerization of L-lactide and gave high molecular
weight PLLA (Parwe et al. 2017); zinc amido-oxazolinate complexes proved to be
active and isoselective initiators for the ring-opening polymerization of rac-lactide,
producing isotactic stereoblock polylactides (Abbina and Du 2014). The poten-
tial zinc complexes prompted the investigation of analogous magnesium and cal-
cium catalysts due to their low toxicity and cost.

Divalent metals (i.e., Mg, Ca, and Zn) with monoanionic ancillary scaffolds
or neutral ligands were also successfully tested (Wheaton et al. 2009; Chen
et al. 2007).

Germanium is an unharmful element that is able to mimic the tin catalytic activ-
ity to yield high molar mass PLA due to their similar properties. Germanium com-
plexes, tested in combination with zinc and copper, showed high bulk polymerization
activities for lactide at 150 °C. Germanium provides the active site for the ring
opening polymerization of lactide probably through the coordination—insertion
mechanism (Rittinghaus et al. 2020).

The fully biobased poly(propylene succinate), with thermal stability similar to
that of its fossilbased analog, was obtained starting from the biobased 1,4-butane-
diol and tetraisopropyl orthotitanate as a catalyst (Parcheta and Datta 2018).
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Biocatalysis is regarded as both a green and sustainable technology. The spec-
tacular advances in molecular biology and biotechnology resulted in protein engi-
neering that has enabled the optimization of existing enzymes and the invention of
entirely new biocatalytic reactions (Sheldon and Woodley 2017).

For example, bacteria have been engineered in a microbial plastic factory to pro-
duce lactate-based polyesters in a single-step metal-free system (Cheng et al. 2014).
In this research field, the literature is still scarce, but it is felt that the quantum leap
from conceptualization of this idea to showcase the potential of this technology is
not far.

10.3 Migration: Risks and Opportunities from Biobased
Food Contact Materials

Food contact materials (FCMs) are all items envisioned to come into contact with
food (or water for human consumption) during its production, processing, transpor-
tation, storage, preparation, and serving. FCMs include packaging and containers,
kitchenware, cutlery, and dishes.

The safety of FCMs must be assessed as chemicals can migrate from the materi-
als into food or water: any potential transfer should not (i) have adverse effects on
human health and on the taste and/or odor of foods, (ii) change the composition of
the food in an unacceptable way. Factors that influence migration include the kind
of food and its fat content, the nature of FCM, the temperature, and the duration of
the contact. The migration of chemicals from the packaging into the food deserves
academic and industrial attention. It is the result of diffusion, dissolution, and pro-
cesses involving the mass transport phenomena, often described by Fick’s second
law, of low molecular mass compounds initially present in the package into a food
sample or food simulant. Migration studies are usually performed using standard-
ized food simulants and conditions specified in European food packaging regula-
tions (Valdés et al. 2014).

In Europe, the safety of FCM is evaluated by the European Food Safety Authority
(EFSA), which provides FCMs manufacturers with opinions on substances to be
used in food contact materials. The U.S. Food and Drug Administration (FDA) laws
and regulations similarly aim at protecting the consumers’ health throughout the
supply chain.

Current fossilbased polymers used as packaging materials face environmental
and disposal issues. Actually, food package stability provided by fossilbased plas-
tics during the shelf-life of the product is an advantage, but it becomes a disadvan-
tage when the packages enter the post-use phase. Moreover, problems of food
contamination due to substances migration from packaging are always the focus of
attention. The world of packaging has great opportunities to develop a circular
economy and industrial symbiosis. Bioplastics have been seen as an opportunity in
this respect, notwithstanding their usually higher cost. Biodegradable biobased food
packaging deserves attention because it could reduce material waste, elongate shelf
life, and enhance food quality.
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The gas and water vapor permeability are crucial properties of bioplastics in the
packaging sector (they were discussed in Sect. 6.8); longshelf-life foods such as
snacks and many other dry foods require high-barrier packaging, whereas fresh
fruits, vegetables, and ready-to-eat meals need permeable packaging to stay fresh.
Most bioplastics have lower water barrier properties due to their hydrophilicity but
similar oxygen barrier characteristics as conventional plastics; hence their principal
applications are breathable packagings for short shelf-life products. Still, PLA has
an oxygen transmission rate at least one order of magnitude below those of the
synthetic polymers used in the same field as PET and PS (Siracusa 2012; Zhao et
al. 2020)

Biobased plastics have to comply with the same regulations with respect to food
safety as fossilbased plastics; many biobased plastics such as biodegradable polyes-
ters, starch, cellulose-based bioplastics, and drop-in bioplastics have been proven
safe for food contact use (van den Oever et al. 2017).

Anyhow, bioplastics are not additive-free. For example, plasticizers are added to
provide the necessary workability to bioplastics featuring fragility and brittleness
during thermoformation and end-use application. Since bioplastics are usually less
stable and have a lower diffusion barrier than conventional plastics, additional sta-
bilizers and additives are often used to make their performance adequate and to
overcome these problems. Furthermore, bioplastics are seldomly VOC-free (Ma
and Webster 2015).

There is a dearth in the scientific literature as regards a comprehensive compara-
tive evaluation of the migration behavior of chemicals from biobased and fossil-fuel
based plastics. The differences between conventional and biobased plastics are not
clear since the physico-chemical properties of biobased and fossil based materials
might result in higher or lower migration rates of additives. Comparative studies
describing the relative or absolute migration rates of the additives are scarce. The
vast majority of studies describe migration from PLA and starch-based polymers
(Avella et al. 2005; Conn et al. 1995). The low migration of lactic acid and its dimer,
the lactide, from PLA and the fact that they do not pose serious health concerns,
according to their toxicological data, made PLA one of the Generally Recognized
As Safe (GRAS) substances (Conn et al. 1995) even if the development of safe
catalyst candidates as tin substitutes and their use in green industrial applications is
mandatory, as discussed above.

Zhu et al. (2014) described experimental results and a suitable model for the
migration of the plasticizer triacetin from starch acetate into food simulants, but the
authors concluded that they are still far from understanding migration on a molecu-
lar level and theoretical models covering these aspects would be desirable. The
monomers of cellulose-based, starch-based, PHB, and PLA polymers are judged to
be of no health concern (Clarke et al. 2012; Conn et al. 1995) at variance with the
toxicological profile of many other monomers and additives used in the production
of packaging materials, e.g., bisphenols (used to harden polycarbonate plastics and
epoxy coatings), phthalates (used as plasticizers), vinyl chloride and acrylamide
that pose serious environmental concerns and health risks to population (Plank and
Trela 2018).
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Since plasticizers are also needed in bioplastics, researchers tested the ability of
some biobased products to mimic the role of conventional plasticizers in fully green
bioplastics. For example, in an attempt to avoid the use of phthalates to mitigate the
brittleness of biopolymers, oligomers of lactic acid (with a molar mass of around
1000 Da) are blended with commercial PLA to improve ductility, obtaining trans-
parent and ductile materials, able for films manufacturing. These oligomers are pro-
posed as innovative, and fully compatible and biodegradable plasticizers for PLA to
avoid the migration of conventional plasticizers (Burgos et al. 2014). Among other
possible PLA biobased plasticizers, cardanol acetate, obtained as a by-product of
cashew nut extraction by the use of nontoxic and low environmental impact reagents,
proved to be as effective as conventional plasticizers. In addition, plasticizer migra-
tion tests showed a lower weight loss of PLA plasticized by cardanol acetate com-
pared to diethylhexyl phthalate plasticized PLA (Greco and Maffezzoli 2016).

Lower migration compared to fossil plastics was assessed for PLA nanocompos-
ites with organoclays in packaging for the cosmetics industry. Total overall migra-
tion levels were well below the total legislative migration limit (10 mg/dm?),
established by EU-Plastics Regulation 10/2011 (European Commission 2020), and
the nanocomposite migration extracts stimulated minimal toxicity to the skin
(Connolly et al. 2019).

Compliance with legislation for food packaging materials was also demonstrated
for the overall migration levels in both non-polar and polar simulants of transparent
nanocomposite-based packaging film comprised of poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) and cellulose nanocrystal methyl ester (Yu et al. 2014).

Nano-packaged foods are momentous. Mixing nanoparticles into packaging
materials was used to improve their temperature, humidity, and gas barrier resis-
tance or to introduce in active packaging antimicrobial, oxygen, or ultra-violet scav-
engers. Possible interaction of nanomaterials with food products and potential risks
and health hazards are possible as a result of migration of nanoparticles into food
materials (Adeyeye 2019). Even if the migration of nanoclay from starch-nanocom-
posites was reported to be of no concern (Avella et al. 2005), Houtman and col-
leagues demonstrated the in vitro toxicity of nanoclays with cytotoxic effects on
two different cell lines (Houtman et al. 2014); cytotoxic and genotoxic effects were
independently confirmed (Maisanaba et al. 2013; Sharma et al. 2010); there is a
need for further testing under more standardized conditions to perform an adequate
risk assessment of nanomaterials used in bionanocomposites.

10.3.1 Biobased Barriers to Prevent Migration
Jrom Conventional Packaging Materials

Biobased barriers to mitigate migration from common packaging materials were
cleverly envisioned, devised, and tested. Cellulose-based packaging materials are
very common due to their lightweight, stability, and affordable price. However, the
use of recycled paper and board may result in the migration of undesirable sub-
stances into the packed goods. To reduce this kind of migration, the application of
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functional barriers in the packaging is crucial: biobased or biodegradable polymers
proved to be effective (Walzl et al. 2019). In order to enhance the safety of fiber-
based packaging, a biobased composite barrier layer was used to protect against
mineral oil migration through paperboard. Starch-clay composite coatings were
effective barriers against the migration of mineral oil and could hence improve the
barrier properties and safety of fiber-based primary food packaging (Koivula et al.
2016). Biobased coatings, such as modified starches (cationic starch and cationic
waxy starch), plant and animal proteins (gluten and gelatine), were evaluated as
potential barriers to chemical contaminants from recycled paper and board for food
packaging; diffusion studies into the solid food simulant poly 2,6-diphenyl-p-phen-
ylene oxide confirmed that all the tested biopolymers slowed down migration
(Guazzotti et al. 2014). Two different types of paperboard produced from primary
and secondary cellulosic fibers were upgraded by coating them with alginate and
chitosan; these two biodegradable biomaterials decreased (i) air permeability, (ii)
water vapor transmission, (iii) permeation of volatile compounds, (iv) migration of
mineral oil saturated hydrocarbons and mineral oil aromatic hydrocarbons while
improving grease resistance (Kopacic et al. 2018).

As regards metal cans, tomato processing wastes were transformed into a novel
bio-lacquer coating intended for metal food packaging: this way, consumers protec-
tion is achieved via the upcycling of food waste from the food chain itself; this
strategy meets current demands for sustainable production (Montanari et al. 2017).

10.3.2 Biobased Products for Active and Smart
Food Packaging

Food package is increasingly conceived not only as a simple container: actually, it
is progressively perceived as adding value to the product. Smart packaging is an
active research field and a key area of development in new multifunctional materials
because it could be used to highlight biochemical or microbial changes in foods, to
prevent food counterfeit and adulteration, to provide better food protection and
preservation, marketing, and smart communication to consumers. In active packag-
ing the sustained release to foodstuff of active agents is an intended, intentional, and
favorable case of migration to obtain a deliberate interaction of the packaging with
the food. Intelligent packaging systems should not release substances into the food
since they are used to inform consumers about the conditions of the packaged food.

Food industry is subject to pressure from different stakeholders: producers,
retailers, and customers have different priorities. By this scenario, the use of agri-
cultural and food processing wastes in the packaging industry is getting increasing
interest because it provides both reductions in environmental pollution by the pack-
aging disposal and waste recovery. Food technology researchers are engaged with
developing intelligent packing for better preservation and increased shelf life of
food products. In this context, nontoxic pH indicator films produce a visual response



10.3 Migration: Risks and Opportunities from Biobased Food Contact Materials 355

to pH changes and represent a sensor that provides visual information to the cus-
tomers concerning food deterioration. Anthocyanins from the blueberry by-product
in starch-based films (Luchese et al. 2017), blueberry and blackberry pomace
extracts in chitosan-based antioxidant smart films (Kurek et al. 2018) anthocyanins
from red cabbage in a PVA/chitosan film are examples of intelligent food packaging
(Pereira et al. 2015).

Biobased products find application as active agents for incorporation into
biobased packaging, especially as antimicrobials because microbial spoilage is the
major cause of senescence, gas build-up, and off-odors; rancidity, color loss/change,
nutrient losses, dehydration can also be addressed (Lépez-Gdémez et al. 2009).

Gelatin and methyl cellulose were used as matrixes in antimicrobial active and
edible films with citrus extract, which shows antibacterial activity (Iturriaga et al.
2012). The addition of grape seed extracts, nisin, and EDTA to soy protein isolate
edible films reduced the populations of major foodborne pathogens and improved
the tensile properties of the soy protein isolate edible films (Sivarooban et al. 2008).
The antimicrobial activity of active films based on barley bran protein and gelatin
was due to the addition of grapefruit seed extracts; the active films were used in
packed salmon fish (Song et al. 2012).

Chitosan can be obtained from seafood waste utilization as detailed in Sect. 5.9.
Chitosan and nano-chitosan edible coatings are food preservative with antimicro-
bial activity; chitosan-based films are widely studied for fishery products applica-
tions. (Yu et al. 2019); extracts of grape pomace were incorporated into chitosan
edible films providing antioxidant properties and promising shelf-life extension
(Ferreira et al. 2014). Gelatin and whey protein are additional FW (discussed in
Chap 2) that have the potential to be used as carriers for antioxidants or antibacterial
agents in coatings and films; noteworthy, the presence of lactoperoxidase in whey
results in a broad spectrum antibacterial activity (Yu et al. 2019).

The use of mint extracts or pomegranate peel extracts in chitosan and polyvinyl
alcohol active films increased protection against UV light and their tensile strength
without significantly affecting their puncture strength and barrier properties; the
extracts conferred antioxidant properties and effectiveness against Gram- positive
food bacteria to the active films (Kanatt et al. 2012).

Three different concentrations of lemon extract, thymol, and lysozyme were
incorporated in PLA, PCL, and LDPE; the antimicrobial activity of the resulting
nine active films was tested. Antimicrobials incorporated into PLA and low-density
polyethylene (LDPE) lost some antimicrobial activity due to higher processing tem-
perature. On the other hand, the lower processing temperature of PCL prevented
the degradation of antimicrobial activity. In particular, lysozyme showed higher
thermal stability (Del Nobile et al. 2009).

Olive leaves extract rich in polyphenols with high antimicrobial efficiency on
many food pathogens was successfully incorporated into PLA films. The antimicro-
bial activities against Staphylococcus aureus increased with increasing extract con-
centration in the film. Moreover, the amount of extract in the film positively
correlated to the water vapor permeability and the water solubility; the degradation
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rates of films also increased, thereby conjugating antimicrobial effects and improved
properties (Erdohan et al. 2013).

Antioxidant piperidine conjugated star-shaped PLLA (star-PLLA-PPD) proved
to be a novel polyfunctional free radical stabilizing additive for bioplastics. A model
study on the free radical scavenging ability of this active ingredient in PLA blends
was carried out. The star-PLLA-PPD efficiently scavenges free radicals in the PLA
matrix upon irradiation with doses generally used for food and medical device ster-
ilization, thereby protecting molecular weight reduction when compared with the
neat PLA. The migration of star-PLLA-PPD is significantly lower than piperidine,
thereby confirming the importance of the new radical scavenger for bioplastics in
the food packaging and biomedical sectors (Haema et al. 2017).

Biobased and biodegradable active films based on a PLA/PHB blend with lactic
acid oligomers as plasticizers used carvacrol as an active agent for antimicrobial
active packaging. In this case, migration of the active additive resulted in the micro-
biological protection of foodstuff with high-fat content. These results underlined the
specific antimicrobial properties of these bio-films, suggesting their applicability in
active food packaging (Burgos et al. 2017).

The potential of biocomposites for active food packaging is one of the most-
studied approaches in the last years. Improved mechanical, barrier, antioxidant, and
antimicrobial properties are sought with a focus on safety and risk associated with
fillers and additives, migration properties, and possible human ingestion. For exam-
ple, Thymus Vulgaris leaf extract was used as a stabilizer and reducing agent in the
green synthesis of zinc oxide silver nanoparticles, used as an active agent in poly(3-
hydroxybutyrate-co-3-hydroxyvalerate)-chitosan to fabricate a novel degradable
biopolymer nanocomposite characterized by good mechanical properties and anti-
microbial activity and with the lowest migration rate to improve the shelf life of
poultry items (Zare et al. 2019). Biocomposites with rice straw paper incorporating
30% activated carbon enabled ethylene scavenging; ethylene is a plant hormone
responsible for softening, ripening, color change, and senescence of many kinds of
fruits; its environmentally-friendly scavenging is extremely important in the fresh
fruit and vegetable industry since common ethylene scavengers are based on potas-
sium permanganate that is not allowed to come into contact with foodstuff because
of its toxicity and color (Sothornvit and Sampoompuang 2012).

To sum up, the production of active packaging systems releasing natural antimi-
crobials allowing to extend the shelf life of food products, and the development of
new high-barrier packaging materials (often using cellulose nanocrystals) are
among the latest multifaceted innovations. Aesthetic aspects, communication, and
information will be essential issues since innovations are considered to be outstand-
ing when it comes to lower resource use and to improvements in sustainability and
safety. In this perspective, developing biobased materials and bioplastics is of great
relevance.

Regulations 1935/2004/EC and 450/2009/EC pioneered the development of gen-
eral requirements and specific safety and marketing issues related to active packag-
ing materials, the intentional migration of active elements to food, criteria for
the safety evaluation procedure, admissable active elements identification,
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and maximum release of the active component; the latter could exceed the overall
migration requirements indicated in the legislation, and it should not be considered
in the calculation of the overall migration limit (Dainelli et al. 2008); European
Commission 2004; European Commission 2009; Llorens et al. 2012).

Consolidated texts of Regulations enable tracking of the evolution of legal acts
via incorporation of successive amendments and corrigenda. Normal migration is
covered by the specific legislation applicable to those materials, such as the EU
Regulation 10/2011 (European Commission 2020).

Guidelines concerning the Commission Regulation (EC) No 450/2009 were pro-
vided to deal with the interpretation and application of certain features in the
referred legislation, such as toxicological properties and the extent to which the
original substance or breakdown products could transfer into food.

Similarly, new active packaging materials used in food-contact applications are
subject to pre-market regulatory clearance by the US Food and Drug Administration
if they are deemed “food additives.”

Even if smart and active packaging still remains more expensive than “tradi-
tional” packaging, new technologies and industrial development are expected to
quicken cost reduction.

10.4 Registration, Evaluation, Authorisation and Restriction
of Chemicals (REACH) Regulation
for Biobased Products

Companies are gradually interested in the registration of biobased substances under
European Union’s Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH) Regulation (The European Parliament and the Council of the
European Union 2006).

The principle is “one substance, one registration”; hence data sharing among all
registrants by the joint submission of registration data to the European Chemical
Agency (ECHA) is mandatory.

Persistence in the environment, bioaccumulation, and toxicity are the key targets
of the hazard assessment required by the REACH regulation consolidated version
for all chemicals that are produced or imported in Europe in amounts exceeding 10
tonnes per year. The regulation heavily impacts most companies (manufacturers of
chemicals, importers of individual chemicals, mixtures for onwards sale or finished
products from outside the EU, and downstream users) across the EU; they must
identify risks and inform users about the risk management measures. ECHA’s web-
site provides useful information about already registered substances: if the sub-
stance has already been registered for the same use by any company, it should not
be registered again. REACH establishes procedures for collecting and assessing
information on the properties and hazards of substances, and companies have the
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burden of proof. If the risks cannot be managed, according to the ECHA's scientific
committee judgment, authorities can restrict the use of substances or make it subject
to prior authorization or definitively ban them. In the long run, less dangerous alter-
natives should replace the most hazardous substances. In principle, REACH applies
to all chemicals but, by this scenario, REACH may favors manufacturers of safe
biobased substitutes for substances of very high concern: in this respect, REACH
may actually be an opportunity rather than the administrative obstacle it is often
perceived to be.

Substances that are discarded as waste as defined in the consolidated text of
Directive 2008/98/EC (“Waste Framework Directive”) (EU 2008) are exempted
from REACH, but REACH applies for any substance, mixture, or article obtained
from the recovery of waste and that meets the end of waste criteria: they generally
need to be registered, except recovered substances already registered. However, for
a recovered substance, it is sometimes possible to get an exemption from REACH
registration.

Among substances exempted from registration we may find many biobased
products. In fact, exemptions from registration apply to substances that present min-
imum risk (listed in Annex IV of the REACH Regulation) or substances for which
registration is deemed inappropriate or unnecessary, often occurring in nature and
not chemically modified (listed in Annex V of the REACH Regulation), to poly-
mers, and to substances that are adequately regulated under other legislation, like
substances used in food or feeding stuff or in medicinal products, where the relevant
criteria are met. Even if a substance is exempted from the obligation to register it
may still be subject to authorization or restriction provisions under REACH
Regulation (ECHA 2016).

In particular, compost and biogas, as well as byproducts, unless they are imported
or placed on the market themselves, are clearly mentioned among the exemptions
from the obligation to register in Annex V of the REACH Regulation.

It is clear that biobased companies might qualify for exemptions that may lessen
the registration burden. Readers are referred to the text of the REACH regulation,
the only authentic legal reference.The information provided in this chapter does
not constitute legal advice. The Author does not accept any liability as regards the
contents of this document.
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