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This review critically discusses the environmental and resource implications for the design of sustainable
biocomposites. Sustainable biocomposites should satisfy several requirements: (i) renewable and/or
recycled resources should be utilized for their manufacture; (ii) the synthetic, modification, and processing
operations should be benign and energy effective; (iii) no hazardous environmental or toxicological effects
should arise during any stage of their life cycle; and (iv) their waste management options should be
implemented. The future integration of biorefineries and green chemistry will guarantee the availability of
a wide range of raw materials for their preparation. The emission of volatile organic compounds and the
release of nanoparticles should be evaluated from a toxicological and environmental point of view. Finally,
the susceptibility of sustainable biocomposites towards degradation, including abiotic effects (water
absorption, thermo- and photo-oxidation) and biofilm formation and biodegradation, must be considered,
to guarantee their structural and functional stability during service life, and to ensure their biodegrad-
ability and assimilation during composting.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction: sustainability concepts
for biocomposite materials

Mankind faces global challenges during these first years of
the new century, in the attempt to maintain the economic growth
and social welfare achieved during the last decades. The industrial
revolution brought unimaginable benefits to humanity in terms of
optimised material and energetic products and processes, together
with increased living standards for most societies, but has also
compromised the fragile environmental equilibrium of the last
10,000 years in the so-called Holocene geological epoch. Indeed,
some researchers argue that the environmental stress caused by
the uncontrolled industrial development may have pushed our
planet into a new geological era, the Anthropocene, in which human
activities are the main driving force for environmental changes [1].
A recent study driven by the Stockholm Resilience Centre introduced
the concept of planetary boundaries, a number of measurable
environmental parameters (e.g. climate change, biodiversity loss,
nitrogen and phosphorous cycles, ozone depletion, ocean acidifica-
tion, global freshwater use, land use, atmospheric aerosol loading,
and chemical pollution) that should not be surpassed to avoid
unacceptable environmental changes and to preserve the environ-
mental equilibrium and stability of the Holocene epoch [2]. Although
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three of these boundaries may have already been surpassed, there is
a high level of uncertainty about how long it takes for these excesses
to cause irreversible effects [3]. There is therefore a pressing need for
a paradigm shift in our material and energetic production and
consumption patterns, by truly becoming sustainable societies,
taking into account these planetary boundaries and thus preserving
environmental stability.

Itis interesting for the purposes of the present review to perform
an “etymological” study and dig into the origin of the concept of
‘sustainable development’. The term ‘sustainable development’
or ‘sustainability’ was first coined by the Brundtland Commission
(formally the World Commission on Environment and Develop-
ment of the United Nations in 1983), and was defined as the “social
and economic advance to assure human beings a healthy and
productive life, but one that did not compromise the ability of future
generations to meet their own needs”. [4] The significance of this
definition is that, for the first time, environmental and social
effects were placed at the same level of importance as economical
benefits. Recent policy guidelines from the United Nations
encourage sustainable industrial development through cleaner and
more resource-efficient industrial production (addressing indus-
trial waste streams, minimizing the use of hazardous substances,
and implementing suitable health and safety procedures) and
promoting corporate environmental and social responsibility [5].
Similarly, the European Commission set the grounds for a long-term
European Union Sustainable Development Strategy (EU SDS),
revised in 2006, through 7 key priority challenges [6,7]: (i) Climate
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change and clean energy; (ii) Sustainable transport; (iii) Sustainable
consumption and production; (iv) Conservation and management
of natural resources; (v) Public Health; Social inclusion, (vi)
demography and migration; and (vii) Global poverty and sustain-
able development challenges. The implementation of the EU SDS
is continuously evolving through new policy actions and being
monitored, especially in the current situation of economic and
financial crisis, to turn the disadvantageous circumstances into an
opportunity of creating a true “low-carbon, resource-efficient,
knowledge-based, socially-inclusive society” [8].

During the last 25 years a new metadiscipline of ‘sustainable
science and technology’ has emerged, which aims to integrate basic
research, education, and technological transfer to meet this view [9].
A main hindrance to the effective implementation of sustainable
solutions in industry and society is the vagueness of the concept of
sustainable development. It is necessary to translate the implications
of sustainability into each scientific, technological, and industrial
field, by creating operational definitions and introducing metrics for
evaluating sustainability in each specific case [10]. The introduction
of Life Cycle Assessment (LCA) studies in product and material
processes has definitely been extremely helpful in assessing envi-
ronmental impacts across all stages of production, use, and waste
management. In the case of science and technology of polymeric
materials, the implications of sustainability need to be addressed
and identified, including the choice of raw materials, the synthetic
routes for material design, material processing into desired products,
exploitation during service life, and final waste management. It is the
vision and the aim of the present review to discuss and illustrate
these factors.

Natural polymers and biocomposites have been known and
utilized by mankind since ancient times. However, the use of
these nature-based polymers was completely outpaced in the
twentieth century by the explosion of the use of synthetic polymers.
Conversely, during the last two decades, interest in biopolymer and
biocomposite research has grown as a result of environmental
concerns and the depletion of fossil resources, as it can be demon-
strated by the exponentially rising number of patents and publica-
tions about biocomposite materials [11]. Several recent review
articles have been published since year 2000 in different material
and polymer science journals, devoted to the preparation, process-
ing, and properties of biocomposites for a wide range of applica-
tions, and even social and economic issues [11—31]. These reviews
offer an excellent perspective on the state-of-the-art of polymeric-
based biocomposite materials science and technology research,
including the different families of polymeric bio-based matrixes and
natural lignocellulosic reinforcements, their preparation and
modification routes, their properties and their tailored applications
in biomedical, packaging or structural applications. The objective of
this review differs, however, in that it aims to cover the environ-
mental implications of the design and use of biocomposites from
a sustainable perspective. Biopolymers and biocomposites have
been described as sustainable materials in contraposition to tradi-
tional synthetic polymers and composites reinforced with inorganic
synthetic fibres, in terms of the usage of existing renewable
resources as raw materials, their low eco-toxicity, and their biode-
gradability. This review will discuss the sometimes confusing defi-
nitions for biomaterials, biopolymers, natural polymers, and
biocomposites, and will offer a proposal for defining sustainable
biocomposites. The review will address as well the resource impli-
cations for the design of sustainable biocomposites, the different
routes for chemical modifications of both matrixes and reinforce-
ments from a green chemistry perspective, the environmental
implications of the use of biocomposites in terms of emissions of
low molecular weight compounds and toxicological effects of
emitted nanoparticles, and their (bio)degradability issues.

2. Definitions: biomaterial, biopolymer, natural polymer,
biodegradable polymer, biocomposite, bio-based composite,
green composite and sustainable biocomposite

It is important to clarify the definitions of the new sustainable
materials emerging in research and on the market, to avoid confu-
sion in the use of the related terminology. Terms such as biopolymer
and biomaterial are often used interchangeably, though a biomate-
rial should strictly be referred to as a biomedical material and does
not necessarily need to be a polymer. In this review we propose
a classification of the definitions and the discussion is based on the
terminology suggested in an upcoming CEN-standard [32].

The proposed definition for biopolymers involves materials con-
sisting of units that are entirely or in part derived from biomass (e.g.
materials with biological origin) [32]. Accordingly, a wide range of
materials can be considered as biopolymers; for example, poly(lactic
acid) (PLA), in which the monomer/repeating unit is derived from
natural resources by fermentation of starch, is included in the defi-
nition even though the polymer itself is a product of a chemical or
enzymatic synthesis. It is therefore necessary to distinguish natural
polymers amongst biopolymers; natural polymers are defined as
polymeric materials synthesised as such in nature, e.g. cellulose,
starch, proteins. In this case, all natural polymers can be considered
as biopolymers, but not all biopolymers are natural polymers.

Several definitions for biocomposites have been suggested
during the past years. Mohanty et al. [33] defines biocomposites as
composite materials in which at least one of the constituents is
derived from natural resources. This definition corresponds well
to the definition of biocomposites stated in the CEN standard.
This offers endless possibilities for the design of the composite
matrixes, ranging from biopolymers to petroleum-based virgin or
recycled polymers. The possibility of using recycled polymers in the
design of biocomposites, improving the material properties of the
recyclates by the incorporation of renewable reinforcements, can
result in products with lower environmental impact. Within the
definition, the reinforcement materials can originate from renew-
able resources or be inorganic fillers (in the case of a biomass-based
matrix). Biodegradable biocomposites, in which the polymeric
matrix can originate from biomass or be petroleum-based, can be
referred to as green composites. It is fundamental to differentiate
biopolymers from biodegradable materials since the origin of the
raw material can vary. For example, poly(e-caprolactone) (PCL) is
a petroleum-based polymer but is completely biodegradable and
therefore can be classified as a green matrix. These composites can
be degraded by anaerobic or aerobic biological processes, leading to
the formation of carbon dioxide, water, methane, biomass, and
mineral salts. Reinforcement of the biodegradable materials with
natural fibres give improved material properties, desired in various
applications, without compromising biodegradability. If both
the matrix and the reinforcement are derived from biomass the
resulting material can be referred to as a bio-based biocomposite.

When designing a new product, the time-dependency of the
resource renewability should be considered. There is a substantial
difference when comparing rapidly renewable materials, with an
agricultural or bacterial base, to raw materials that take several years to
restore, for example wood, or to oil with a nearly infinite formation time.

The concept of sustainable materials is problematic to define. True
sustainability is obtained by considering the whole life cycle of the
product, from the origin of the raw material to the waste management.
Here we propose a new definition for sustainable biocomposite: A
composite material in which at least one of the constituents is derived
from natural resources and the impact of the material throughout its
entire life cycle can be considered positive without interfering with the
surrounding environment. The source and production of the raw
materials, the material processing, the service-life of the product and
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waste management should be evaluated in terms of energy and
chemical consumption, emissions, and toxicology upon use and
disposal for a biocomposite to be considered sustainable. Sustainable
biocomposites should thus satisfy several requirements: (i) renewable
and/or recycled resources should be utilized for their manufacture; (ii)
the extraction, synthetic, modification, and processing operations
should be benign and energy- and cost-effective; (iii) no hazardous
environmental or toxicological effects should arise during any stage of
their life cycle by emissions of degradation compounds, additives
or fillers; and (iv) their waste management options (recycling, com-
posting, and incineration) should be effectively considered and
implemented to guarantee the return of the material and energetic
value of the biocomposite back to the cycles.

3. Resource and environmental considerations for the
design of sustainable composites

The design of sustainable composites should consider all the
stages involved in their life cycle, including extraction of the raw
materials, synthetic and modification processes, processing and
manufacture into final products, service life, and subsequent waste
management of the residues (Fig. 1). This section critically analyses
each of these interrelated steps, discussing future trends in terms
of resources for biocomposites (biorefineries), benign procedures
for their synthesis and modification (green chemistry) and evalu-
ation of their environmental performance throughout the life cycle.

3.1. Resources and synthetic routes for sustainable composites:
trends, future biorefineries and green chemistry

Considering the definition of sustainable composite, a wide
range of raw materials can be used for their design, always taking
into account the energy consumption and harshness of the chem-
ical processes involved for their synthesis and modification, the
environmental impact during service life, and the waste manage-
ment processes for the effective return of the material and ener-
getic value of the product to the environment. Considering the
polymeric matrix, different families could be utilized:

(i) natural polymers extracted from renewable resources, such as
starch, cellulose, proteins, or chitin.

(ii) polymers produced by microbes, such as poly
(hydroxyalkanoates).

(iii) polymers synthesized via chemical or enzymatic processes,
whose monomers are obtained from renewable resources,
such as poly(lactides) or renewable epoxy resins synthesised
from vegetal oils.

(iv) recycled synthetic polymers that can be upgraded for new
applications by the addition of natural reinforcements.

Taking into account sustainable concepts, the choice of biode-

gradable polymers that are synthesized from fossil resources,
mainly synthetic polyesters such as poly(e-caprolactone), should be
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Fig. 1. Life cycle of sustainable composites.
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taken with precaution. In these cases, independent life cycle anal-
yses should be performed to evaluate their sustainability.

In terms of the reinforcements, a wide range of materials from
various origins can be used in the manufacture of sustainable
biocomposites, and can be grouped as follows:

(i) Lignocellulosic materials, including wood flour, natural fibres,
and nanofillers (cellulose whiskers and starch nanocrystals)
(ii) Inorganic (nano)reinforcements that may contribute to the
enhanced biodegradability of the resulting (nano)biocomposites
(iii) Different synthetic waste materials that can be recycled and
incorporated into new products as reinforcements, such as
rubber tyres

A preference order for the choice of original raw materials
should be defined in terms of sustainability to design new products
based on biocomposites. Ideally, the manufacture of green bio-
composites should imply that both the matrix and the reinforce-
ments arise from renewable resources; the use of natural polymers
as matrixes and reinforcements should be especially encouraged
when possible. The use of microbial polymers, e.g. the family of
poly(hydroxyalkanoates) (PHAs) and the synthesis of new
biopolymers using monomers from renewable resources appears to
be a very promising route for designing polymeric matrixes with
tailored properties; the eco-efficiency of their synthesis and
manufacturing routes should also be assessed in terms of sustain-
ability. Finally, the utilization of recycled synthetic thermoplastic
and thermosets as polymeric matrixes in biocomposites should be
considered as a favourable step in the sustainability of material
technology. The beneficial effect is twofold; on one hand the waste
stream volumes of discarded synthetic non-degradable polymers
are minimized, and the energetic and material value of once
synthesized and processed polymers are maintained by their new
use in second-life applications.

However, these resources need to be processed to some extent
to be able to be used as raw materials for the preparation of
biocomposites; even natural polymers such as cellulose, chitin, and
starch need first to be extracted from their natural origin and
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modified accordingly to the desired properties. These processes
will ideally be performed in the near future in an integrated facility,
a so-called biorefinery. Similar to the advent of petrochemical plants
in the 20th century, the 21st century will see a paradigm shift for
energy and chemical production based on biomass in biorefineries
[34]. Biorefineries are integrated operating plants capable of
accepting different streams of biomass feedstock for energy gener-
ation and conversion into valuable chemicals and materials through
different physical, chemical, thermal, and enzymatic processes
[34—36]. Biorefineries for energy and material production must
not compromise at any point the food chain supplies; the choice
of biomass feedstock should therefore involve a wide range of
renewable resources including low value plants, energy crops and
by-products from food crops, sawmills, palm oil production, marine
wastes and food wastes [35]. The operations that may be performed
in a biorefinery facility will involve (i) the extraction of valuable
chemicals from biomass; (ii) the isolation of natural biopolymers and
their further modification; (iii) the hydrolysis of biomass and further
fermentation into so-called bio-platform molecules (bPM) that will
be used as building blocks for value-added chemicals; and (iv)
the use of chemical co-products from fuel biorefineries, thermo-
chemical conversions of biomass by pyrolysis, or gasification [37].
In general, biorefineries will produce fuels and different frac-
tions of chemical products, both high-volume low-value and
low-volume high-value substances, which could be used for the
synthesis of new polymers and composites in a similar fashion to
petrochemical plants (Fig. 2). A recent perspective article by Gan-
dini [38] identified the target families of polymers from renewable
resources that may play the most important role in mid-term
macromolecular science. These materials include polysaccharides
and their derivatives, lignin, suberin, natural macromonomers
(vegetable oils and tannins), natural monomers (terpenes, furans
and lactic acid), bacterial polymers (bacterial cellulose and PHAs),
and glycerol and alcohol-based monomers. This list of prospective
macromolecular materials from renewable resources agrees well
with the expected outcome from future biorefinery integrated
plants. Natural polymers such as cellulose, chitin, starch, hemi-
celluloses, lignin, other non-starch polysaccharides (arabinoxylans,
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Fig. 2. Future integration of biocomposite manufacture using renewable raw materials from biorefinery processes. Redrawn using information from [35].
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glucans), and proteins should be extracted from their natural
form in biorefineries using green processes and further modified
according to their intended applications. On the other hand, bio-
platform molecules (bPMs) can be obtained from hydrolysis of
biomass and further fermentation of the hydrolysed mono- and
oligosaccharides; these bPMs can be used as building blocks for
value-added chemicals and polymers, analogous to petro-platform
molecules (ethylene, benzene) [37,39]. A recent report from the
Pacific Northwest National Laboratory (PNNL) and the National
Renewable Energy Laboratory (NREL) for the US Department of
Energy [40] identified the most important building blocks that can
be derived from biomass for further modification into high-value
chemicals and polymers. These chemicals include polyalcohols
(glycerol, xylitol, sorbitol), organic acids (lactic acid, citric acid,
3-hydroxypropionic acid, fumaric acid, malic acid, succinic acid,
aspartic acid, glucaric acid, glutamic acid, itaconic acid, levulinic
acid), and ketones (3-hydroxy butyrolactone). High-performance
natural reinforcements for biocomposite materials, such as nano-
fibrils and nanocrystals, can also be obtained from biomass feed-
stock by physicochemical operations [24,26]; these processes may
as well be integrated in biorefinery facilities in the near future.

Sustainability in material science and specifically in polymers and
composites is defined not only by the choice of renewable or envi-
ronmentally-friendly resources for their manufacture, but also by
the development of mild chemical processes that avoid
the utilization and production of hazardous substances and thus
minimize their environmental impact. This approach, well-known
as green chemistry, should be therefore implemented in each step
of the manufacturing process for biopolymer and biocomposite
materials, including their synthesis and modification. Green chem-
istry philosophy involves the utilization of benign solvents (aqueous
and ionic media or supercritical fluids) in chemical reactions, the
minimization and/or use of alternative energy sources in chemical
transformations, and the use of non-hazardous catalytic systems
[41]. In polymer chemistry, these concepts have been introduced and
applied in the recent years to the synthesis of tailored (bio)polymers,
by using renewable materials, by employing enzymes and bacteria
for polymer synthesis, by recycling and/or removal of metal
catalysts, and by performing synthetic reactions in aqueous or ionic
media [42—44]. For biocomposite design, modification of the rein-
forcements and/or the matrixes constitutes an important step in
improving the interfacial adhesion between the components, thus
enhancing macroscopic properties such as mechanical properties,
barrier properties, and resistance towards moisture absorption.
In particular, surface fibre modifications are usually performed by
chemical means, such as dewaxing, alkali treatment, graft copoly-
merization, silane treatment, etherification, acetylation, peroxide
treatment, or grafting with coupling agents (isocyanates, anhy-
drides) [28,45]. Some of the compounds employed in such modifi-
cations are hazardous, which compromises the sustainability of the
manufacturing processes; further work should therefore be devoted
to exploring green chemistry processes for the surface modification
of the reinforcements in biocomposites. An interesting approach to
improving the matrix/fibre interfacial adhesion in PLLA/natural
fibre biocomposites was developed by treating the matrix with
polydopamine, a new compatibilizer inspired by the adhesive
capacity of mussels [46]. Photo-crosslinking with UV radiation of
starch dispersions with cellulose microcrystals using glycerol as
plasticizer was found to enhance the mechanical properties and
water resistance of the resulting biocomposites [47].

Finally, there are important social and economic considerations
that will play a role in the selection of resources and processes for the
manufacture of sustainable composites. There has been controversy
about the sustainability of energy production from biomass origin
(biofuels) in every stage of the chain manufacturing process,

including large-scale biomass production by agronomic means and
the associated biorefinery processes [48—51]. It is important to select
carefully the land used for biomass production, in terms of its impact
on the availability of natural resources (soil, organic matter, nutri-
ents, and water), the fate of associated chemical elements through
environmental cycles, the impact on climate, and most importantly,
the effect on living species, including humans [51]. In addition to
this, the biomass feedstock that is destined to such processes must
be suitable selected so that the food supply availability and food
costs are not interfered by the massive biomass production. By-
products and waste materials from food and bioenergy industries
should therefore be prioritized in the synthesis of new chemicals and
materials, by using only low environmental impact chemistry [35].
The importance of biomass feedstock selection for biorefineries
has been pointed out in recent life cycle assessments (LCA); such
assessment results are mainly affected by raw material selection, the
effects of changes in land use, and the effective use of energy
throughout the biorefinery processes [52]. The integration of green
chemistry practices into the future biorefineries is fundamental for
the sustainability of such operations and processes [35,37,53].
This symbiosis will guarantee not only that renewable resources are
employed in the manufacture of new chemicals and materials, but
also that the chemical processes are environmentally friendly and
will not affect future generations.

The design and manufacture of biocomposites should be
performed using local natural resources, which will contribute to
a sustainable regional development and a reduction in the transport
costs and associated environmental impacts. Our group has been
involved in a capacity building project with Tanzania, with the aim to
develop biocomposite panels from by-products readily available in
these regions e.g. rice husks, coir fibres and sisal fibres [54]. Such
research examples may contribute to the economical and social
development of rural regions and it is expected that they will have an
impact on improving the life quality of such communities. However,
Bismarck et al. have pointed out, taking as an example the sisal
and henequen industries in Mexico for natural fibre production, that
these benefits for rural agricultural communities by the increased
demand for biocomposites from renewable resources will only be
effective with government support, planning and public interven-
tion (public policies) [31].

3.2. Design for service life and subsequent waste processing:
incorporating life cycle analysis in biocomposite manufacture

The design of materials for the 21st century should not only
consider the choice of renewable resources as raw materials for their
preparation, but also should be completely sustainable throughout
their life cycle, including synthesis, usage, and waste management
[53]. In the case of sustainable composites, the main challenge lies in
the design of products that are structurally and functionally stable
during their application, using benign synthesis and modification
processes, together with appropriate waste management proce-
dures (recycling, incineration, or composting) that complete the
return of the material and/or energetic value to the environment.
Recyclability of sustainable composites can be difficult due to the
sensitivity of the bio-based polymeric matrix and/or reinforcements
to thermal processing; a more detailed discussion about this is given
in Section 5.1. Composting appears to be the preferable waste
management route for sustainable composites, if the matrix is
biodegradable; the composting process must, however, be per-
formed at an industrial level, since control of environmental factors
such as temperature, pH, and moisture is essential. Incineration
should be considered as a final approach to partially recover the
energetic value of the biocomposites. The introduction of life cycle
assessments throughout the design of sustainable composites will
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ultimately guarantee their sustainability as suitable alternatives to
traditional composites.

A feature article presented in year 1999 casts a doubt on the
sustainability of the production of biodegradable polymers from
agricultural feedstock (focusing on the production of PHAs from corn
starch after hydrolysis and bacteria fermentation), in terms of the
higher fossil-origin energy consumption required in comparison to
synthetic polymers (polystyrene) [55]; the study did not consider,
however, the whole life cycle of the materials, omitting waste
management routes and other environmental markers such as
greenhouse gas emissions and global warming. Posterior life cycle
assessments performed on PLAs have demonstrated the sustain-
ability of such materials versus synthetic counterparts, in terms of
energy consumption and greenhouse gas emissions [56,57]. The
waste management route (landfilling, composting or incineration)
for these materials is crucial in terms of energy recovery and the
possible emission or sequestration of carbon compounds. A recent
review [58] confirms the better environmental performance of
polysaccharide-based materials in each stage of the life cycle
compared with their conventional counterparts, in terms of non-
renewable energy use and greenhouse gas emissions for diverse
applications such as textiles, engineering materials and packaging.

The substitution of inorganic fibres with natural fibres in
biocomposite materials offers, in general, positive results in terms of
sustainability from several comparative life cycle assessments
[59—63]. A review by Joshi et al. [59] summarizes four key points
that evidence the higher sustainable performance of natural fibres,
including (i) the lower environmental impact of natural fibre
production; (ii) the higher content of natural fibres for equivalent
performance; (iii) the lower density of natural fibre composites; and
(iv) the improved waste management routes for natural fibres.
The utilization of pesticides and other types of chemical products
may contribute to negative impacts on the environment [59].
However, these disadvantages are outgained by the clear environ-
mental advantages during the service life and the disposal phase of
such composites. Indeed, due to the lower weight of natural fibres,
benefits are obtained in automotive applications by reducing the fuel
consumption and the emissions of greenhouse gases; the longer the
product life of natural-fibre-based composites, the more significant
the environmental benefits will be. Additional energy can be
recovered from waste management processes such as incineration.
These results have been verified for different natural fibres utilized
for the manufacture of biocomposites for automotive parts, such
as wood fibres [60], china-reed fibres [61], jute fibres [62], and
curaua fibres [63]. Finally, natural fibres show better environmental
performance than nanoscaled organomodified montmorillonites as
reinforcements for poly(hydroxyl butyrate) (PHB) composites in
applications such as electronic appliances and automotive parts [64].

4. Biocomposites and their interactions
with the environment

Once manufactured, products made from sustainable bio-
composites must satisfy the requirement that no hazardous effects to
the environment or to human health will be derived throughout their
service life in the intended application. Two possible cases are dis-
cussed here particularly relevant for the design of biocomposites; these
are the possible emission of odours and other low molecular weight
compounds and the release of nanosized fillers from biocomposites.

4.1. Emission of volatiles and low molecular
weight compounds from biocomposites

Polymeric-based materials may retain in their bulk a wide variety
of volatile and other low molecular weight compounds from

different origins, including polymerisation residues that may have
been retained from synthesis, additives incorporated to enhance
performance during application, contaminations that may have
penetrated in the bulk during service life, and degradation products
formed at any stage of the polymer’s life cycle. Emissions of these
low molecular weight compounds may constitute a potential envi-
ronmental and toxicological hazard during manufacture, service life,
and posterior waste management [65]. Their uncontrolled release
may prevent their use in certain applications, such limitations being
particularly significant in biomedical and packaging materials.

Reinforced biocomposites possess, in general, limited thermal
stability at the required temperatures for thermo-mechanical
processing, which may contribute to the formation of low molec-
ular weight compounds as a result of the degradation of either the
polymeric matrix or the lignocellulosic fibres used as reinforce-
ments. This may lead to the release of undesirable odours during
processing and service life, which may hinder the applicability
of biocomposites in indoor applications, such as in construction
elements or automotive components. The processing temperatures
of natural polymers and natural-fibre-reinforced composites are
normally restricted to 200 °C, but even at lower temperatures
degradation may occur, leading to volatile compounds formation.
The common procedures for the thermo-mechanical processing of
biocomposites are similar to those used for synthetic polymers and
composites; these include extrusion (including reactive extrusion,
foaming, sheet and film forming), compression moulding, and
injection moulding [16]. Other procedures such as film casting
could be explored to avoid thermal degradation of biocomposites,
especially for biomedical or packaging applications. Detailed
knowledge about the thermal stability and the thermal decompo-
sition mechanisms under temperature and shear conditions is
therefore fundamental for material and product development, to
avoid undesired effects such as odour emission or the release of
degradation products into the surrounding media.

The thermal degradation and pyrolysis of (bio)polymers and
natural fibres has been widely reported in the literature, mostly
from the perspective of residue incineration and biomass pyrolysis
[66,67]. Thermogravimetric analysis (TGA) has become the routine
technique to assess the thermal stability of (bio)polymeric matrix,
natural fibres, and their composites and to investigate decomposi-
tion kinetics. Coupling of TGA with chemical-sensitive techniques
such as Fourier-transform infrared spectroscopy (FTIR) or mass
spectrometry (MS) should provide interesting information about
the evolved volatiles formed during the process. It is important to
point out that the thermal degradation of the components in
a mixture may behave differently than the pure components alone,
due to strong interactions in the solid or in the gaseous state among
the components, especially for natural fibres and biocomposites
[68]. The interactions among the different constituents in bio-
composites and how they affect thermal stability and the formation
of degradation products during processing and thermal degradation
are not fully understood. In some cases, the presence of natural
fibres enhances the thermal stability of the biocomposites, due to
strong interactions between the constituents, and thus prevents the
formation of degradation products; in other cases, the reverse
phenomena is observed, where the thermal susceptibility of any
component of the biocomposite may promote earlier degradation of
the overall material. Jimenez et al. reported this dual behaviour
when preparing mixtures based on polyesters with different natural
fillers. A mutual stabilizing effect of both co-components in
mixtures based on microcrystalline cellulose (MC) and PCL was
found, due to solid-solid interactions [69,70]; however, the early
formation of acidic products from cellulose and hemicellulose
decomposition promoted the random scission of ester linkages in
a PCL and PHB matrix reinforced with sisal fibres [69—71]. Similarly,
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a correlation between the amount of volatile products formed
during processing and the molecular weight reduction of PHB was
observed in their composites with cellulose fibres, which was
attributed to in situ formation of acid during melt processing of PHB
and hydrolysis of cellulose fibres by such an acid during com-
pounding [72]. It is thus very important to assess the thermal
stability while processing the prepared biocomposites, to minimise
the production of degradation products that could be emitted as
volatile and odorous compounds during the service life of the
products contributing to poor indoor air quality.

Oxidized compounds such as alcohols, aldehydes, ketones, and
carboxylic acids together with a wide variety of phenolic compounds
have been reported to be produced and emitted from sustainable
biocomposites based on a recycled polypropylene (PP) matrix
reinforced with natural fibres [73]. Fig. 3 shows two different chro-
matograms of emitted volatile compounds from recycled PP/biofibre
composite materials before and after 240 h ageing at 70 °C,
using solid-phase microextraction gas chromatography — mass
spectrometry (SPME-GC-MS). Among the identified compounds,
phenolic degradation products from the antioxidants incorporated
in the thermoplastic matrix could be identified in the non-aged
material. Other compounds, such as carboxylic acids, alcohols, and
esters, which are believed to derive from the degradation of the
lignocellulosic fibres, seem to increase their relative abundance after
ageing; these compounds may be responsible for the characteristic
odour emitted by lignocellulosic composites. Some authors have
proposed the introduction of porous absorbents in the composition
of biocomposites, to decrease the amount of emitted odorous
molecules without major reductions in the material’s mechanical

non-aged composite
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thermo-oxidised 240h
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Fig. 3. GC-MS chromatogram showing the volatile organic compounds extracted by
SPME from PP/cellulose fibre composites before and after thermo-oxidation during 240
h. Redrawn from Espert et al. [73]. Printed with permission, copyright Elsevier (2005).

properties [74]. Other environmental implications may arise,
however, from the application of inorganic fillers in biocomposites.

4.2. Environmental and toxicological effects of emitted
nanoparticles

Nanotechnology and production of engineered nanomaterials
constitutes an exciting new research field with endless possibilities
for product applications. The possibility of designing materials
at the nanoscale level by controlling the structure, properties, and
fabrication processes atom-by-atom and molecule-by-molecule
represents perhaps the main technological shift of this century.
Considering the field of polymer science and technology, the
preparation of polymer nanocomposites has attained special
attention, due to the remarkable improvement in material prop-
erties provided by the incorporation of low concentrations of nano-
sized fillers into polymeric matrixes. In particular, the addition of
nanofillers into biopolymers — designing the so-called nano-bio-
composites — constitutes a very interesting new family of poly-
meric-based materials with enhanced material properties and
preserved biodegradation. Several reviews [13,18,19,24,29] explore
the recent developments in the design, preparation, and properties
of novel nano-biocomposites, focusing on polyesters and poly-
saccharides as biopolymeric matrixes and either inorganic nano-
fillers (nanoclays) or cellulose-based nano-reinforcements.
However, the environmental and toxicological implications of such
nano-sized fillers and the derived nanocomposites are not fully
understood yet. Assessing the environmental impacts of these
nanomaterials in these early stages of development will therefore
contribute to safer manufacturing processes and products and help
minimise risks of long-term hazardous effects.

Important research efforts have been devoted to understand the
environmental effects and the impact on human health of nano-
particles and nanomaterials; indeed, a large number of review
articles have been published in the last five years covering this
new scientific field termed “nanotoxicology” [75—83]. Summa-
rizing these studies, knowledge is limited about the environmental
and toxicological effects of these newly produced nanomaterials;
it is expected, though, that these implications will be completely
specific to the type of base material, and its size and shape.
Environmental and toxicological studies have focused mainly on
carbon-based nanomaterials (fullerenes, carbon nanotubes) and
other inorganic nanomaterials (clay and silica nanomaterials,
quantum dots, and metallic and metal-oxide-based nanoparticles).
Although natural nanoparticles exist in the environment, it is
expected that nanomaterials will enter the environment through
intentional or non-intentional release during manufacturing,
transport, and use [75,82]. The fate of these nanomaterials in
the environment is not understood, although issues such as particle
deposition and aggregation, the possibility of redox transformation,
mobility, modification, and degradation are the focus of new
research and understanding [82—84]. In any case, source reduction
during manufacture (by internal recycling or in-factory hazard
reduction systems, such as washing machines with silver particles)
seems to be the most effective way for minimizing possible future
hazards. The modification of surface properties and the control of
the particle size after material degradation, wear and corrosion are
also possibilities to restrict possible hazards during service life [85].
Nanomaterials have demonstrated powerful antibacterial effects
(which may have positive applications), but they have the potential
to cause oxidative stress in animal tissues, intracellular toxic effects
(cytotoxicity), accumulation in organs, and pulmonary inflamma-
tory effects [78,82,83]. The unusual physical shape and high surface
area associated with nanomaterials are believed to be responsible
for their remarkable biological potential; and their extremely small
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size enhances the possibilities of increased uptake, faster distri-
bution through the body, and toxic interaction in the target cells
[78]. In summary, there are still huge gaps in the understanding of
the interactions of nanomaterials in environmental systems and
the possible causes for their toxicity in biota and humans, although
research in these areas is fortunately increasing. The development
of suitable analytical protocols constitutes a key factor for the
effectiveness of the risk assesments [79,86].

Regarding the possible release of nanoparticles from polymeric
(bio)nanocomposites during their preparation and use, little infor-
mation is available on the mechanisms, causes, and possible rates of
emitted nano-sized compounds to the environment. Preliminary
results from our group suggest that the release is dependent on
the degree of exfoliation of the nanoparticles in the polymeric
matrix, with release prevention in the intercalated state [87]. Further
research should focus on minimizing the possible release of such
nanoparticles during manufacture and service life, by improving
the fixation of the nanoparticles in nanocomposites, reducing the
degradative damage to polymer by nanoparticles, and changing the
nanoparticle surface, structure or composition [88]. Indeed, since
new nanomaterials with biodegradable matrices are emerging, an
interesting aspect for investigation is the nanoparticle behaviour
during degradation of the materials, e.g. ending up and accumu-
lating in the environment.

The safety concerns of using nanofillers in polymeric films for
food packaging applications have been raised, but there is limited
data regarding their migration from the packaging material into
food and their possible chronic toxicological effects [18]. This should
be a subject of attention in the future, because polymer ageing
and degradation will certainly influence nanoparticle emissions
into surrounding environments. Improvements in polymer nano-
composite formulations, in terms of better nanofiller dispersion or
enhanced coupling between matrix and nanoreinforcements will
not only benefit material properties, but also affect environmental
and human health implications. It is therefore worth emphasizing
our responsibility, as scientists in this field, when designing new
polymeric (bio)nanocomposite materials, in terms of assessing the
possible interactions of these products with the environment, min-
imising the possible migration of the nanofillers during manufacture
and use, and investigating the possible routes for their waste
management.

5. Degradation of sustainable biocomposites

A truly sustainable design of biocomposite materials should
achieve suitable structural and functional stability during processing
and use, together with suitable waste management procedures
when discarded, thus ensuring the return of their material and
energetic value to the environment. The analysis of degradation
processes in biocomposites is even more crucial than in traditional
composites due to the environmental susceptibility of their
components; degradability studies should therefore be performed to
guarantee that the materials are structurally stable during their use,
and to verify that they are biodegradable and bioassimilable without
ecotoxicological effects when composting is the selected waste
management route. Polymer degradation can be defined as any
externally induced irreversible alteration in the physical properties
of the polymer caused by chemical reactions in the main or side
chains of the macromolecules; for the special case of biopolymers,
degradation also implies not only chemical changes but also the
rupture of highly ordered structures, such as protein denaturation.
Polymer degradation can be caused by a wide range of external
factors; degradation processes can be classified accordingly into
chemical degradation (caused by chemical agents such as oxygen,
water, acids or bases — namely, oxidation and hydrolysis), thermal

degradation (caused by temperature), mechanical degradation
(caused by external stress), biological degradation (caused by bio-
logical entities), and degradation by radiation (including UV light
and electromagnetic exposure). Normally, degradation processes
do not occur by the actions of independent mechanisms, but
rather by a combination of several external factors; the most
common processes include thermo-oxidation (effect of temperature
and oxygen exposure), photo-oxidation (combined effect of light and
oxygen exposure, especially interesting in outdoor applications),
thermo-mechanical degradation (combination of temperature and
shear forces, especially relevant during material processing), and
biodegradation (combination of chemical and biological effects).
Polymer degradation studies should be carried out in controlled
environmental chambers, where different external factors can be
adjusted and recorded for monitoring the degradation processes and
their effects. Commercial equipment and standard tests are readily
available for the study of these different processes. Fig. 4 shows,
however, a self-designed environmental chamber for degradation
studies, in which humidity, light exposure, chemical environment,
and presence of microorganisms can be controlled [89]. The
following section comprises a review of the available studies on
the degradability of sustainable composites, taking into account both
abiotic and biotic degradation processes.

5.1. Abiotic degradation: water absorption, hydrothermal
degradation, recyclability, thermo-oxidation,
and photo-oxidation in biocomposites

The sensitivity to moisture uptake and hydrothermal degradation
is a well-known weakness that hinders the performance of bio-
composite materials, due to the hydrophilic nature of the (bio)poly-
meric matrix and/or the natural reinforcement; the analysis of
the water absorption phenomenon, its degradative effects, and the
different ways to minimize them during service life, constitutes one
of the main focus areas of research in the preparation of biocomposite
materials. Exposure to high humidity during material storage and
composite manufacture can be much more damaging to the inter-
facial strength of the final composites than post-fabrication moisture
exposure [90]. Water absorption largely depends on the hygroscopic
components present in the biocomposite material; if the polymeric
matrix is hydrophobic, it may act as a semipermeable membrane
[91]. Moisture penetration into composite materials is conducted by
three different mechanisms: (i) diffusion of water molecules inside
the microgaps between polymer chains and natural fillers; (ii)
capillary transport into the gaps and flaws at the interfaces between
fibres and polymer because of incomplete wettability and impreg-
nation; and (iii) transport through microcracks in the matrix, formed
during the compounding process [92]. Accordingly, water absorption
in biocomposite materials can be influenced by several factors,
including fibre loading (higher fibre content should contribute to

1. Water about 5 cm high
2. Thermometer/Hygrometer

3. Daylight lamp

Fig. 4. Microenvironmental chamber for controlled degradation studies of sustainable
polymers and composites (suitable for hydrolysis, thermo-oxidation, photo-oxidation,
and biodegradation). Redrawn from Strémberg et al. [123]. Printed with permission,
Copyright Elsevier (2009).
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higher moisture absorption), the chemical nature of lignocellulosic
fillers (fillers containing higher lignin content should present lower
values of water uptake, because lignin is a hydrophobic compound
that acts against hydrothermal degradation), fibre geometry, and,
especially, compatibilization between matrix and fillers (improved
interfacial adhesion would result in fewer and smaller microgaps
where water uptake may occur) [93,94]. The introduction of ligno-
cellulosic fillers in biocomposites with a hydrophobic polymer
as matrix increases water absorption dramatically, as expected;
however, in bio-based biocomposites with hydrophilic biopolymeric
matrixes reinforced with natural fillers, higher water resistance may
be observed due to fibre—matrix interactions that are absent in the
unfilled matrix, as observed in starch-based composites reinforced
with sisal fibres [95,96]. Moreover, different chemical modification
processes of the fillers and/or matrix to enhance compatibilization
also result in an improved resistance to water absorption [45,97,98].
The mechanism of water absorption in biocomposites has been
reported to follow Fickian-behaviour at moderate temperatures [94],
whereas uptake behaviour is radically altered at elevated tempera-
tures due to significant hydrothermal degradation [99] or the
presence of microcracks [91]. Fig. 5 compares the experimental
water absorption results for recycled PP composites reinforced with
different concentrations of recycled cellulose fibres, with the theo-
retical mathematical expression of the Fick’s law for a film geometry;
the experimental data fit the Fickian diffusion model reasonably well,
especially for composites with low fibre content at the initial stage of
water uptake [94].

Water absorption and its resulting hydrothermal degradation
irreversibly affect the morphology and properties of the polymer
matrix and the lignocellulosic fillers, and seriously damage the fill-
er—matrix interface, leading to poor stress transfer efficiencies from
matrix to reinforcement [100]. The proposed mechanism for bio-
composite hydrothermal degradation initiates with water uptake by
the hydrophilic components of the composite (fillers and/or matrix).
The presence of water leads to swelling of the reinforcements, which
may develop stress at the interface and cause matrix micro-cracking
around the swollen fillers; other effects may also occur in the
matrix structure, such as chain reorientation and shrinkage. Water
absorption and the resulting effects contribute moreover to the loss
of compatibilization between fibres and matrix; indeed, hydrogen
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Fig. 5. Comparison between the experimental data and the theoretical Fickian water
absorption curves for recycled PPEVA/cellulose composites with different fibre content
at 50 °C. The points represent the experimental data and the lines are the theoretical
curves. Redrawn from Espert et al. [94]. Printed with permission, copyright Elsevier
(2004).

bonds between water molecules and the hydrophilic components of
the biocomposite fibres are formed, resulting in debonding and
weakening of the interface adhesion [94,99]. Hydrothermal ageing
may also lead to the degradation of natural fibres by a hydrolysis
mechanism. The weakening of the matrix/filler interface seems to
be the main damaging mechanism induced by water absorption
[101]. Small water uptakes may cause a plasticizer effect in the
biocomposite structure, leading to a slight improvement in the
elongation properties [94,102]; however, the deterioration of
the mechanical properties by major water absorption and severe
hydrothermal ageing has been thoroughly reported in the literature.
The effects of water absorption and hydrothermal ageing on the
structure of sustainable biocomposites based on recycled PP rein-
forced with sisal fibres are shown in Fig. 6; the microfibrils in the
structure of the natural fibres appear seriously damaged and the loss
of adhesion between fibres and matrix can be clearly observed by the
apparition of microvoids in the structure.

The addition of inorganic nanofillers to polymeric biocomposites
has a varying effect on the water absorption and the hydrolytic
degradative behaviour. Some authors have reported that the inclu-
sion of impermeable inorganic nanofillers may have the potential of
reducing the moisture sensitivity of polymeric composites [103,104],
attributable to the enhanced barrier properties of the resulting

Fig. 6. Scanning electron micrographs for biocomposites based on recycled PP rein-
forced with 20% sisal: (a) before hydrothermal ageing; (b) after hydrothermal ageing at
50 °C. Redrawn from Espert et al. [94]. Printed with permission, copyright Elsevier
(2004).
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nanocomposites. Other authors, on the other hand, have observed an
increase in the hydrolytic degradation rates when nanoclays were
incorporated in the polymeric matrix, especially in polyester-based
reinforced nanocomposites [105—107]. Different factors seem to play
their own role in controlling the rate of water absorption and, thus,
the hydrolytic degradation of such materials; these factors include
the nature of the nanofillers, the dispersion of the fillers in the
matrix, and the final crystallinity of the nanocomposite. Clay nano-
fillers have, in principle, a hydrophilic nature, which contributes
to increased moisture sensitivity; however, their treatment with
organomodifiers and the resulting effective pH has a remarkable
effect on water uptake [107]. A higher dispersion rate of the nano-
fillers influences the diffusion path of the water molecules during
water absorption [106] but also increases the contact points between
matrix and filler [105]. A similar effect can be expected from
the effective crystallinity of the nanocomposite; the presence of
crystalline domains will hinder water permeation and absorption,
due to an increased tortuosity, a reduction in the mobility of polymer
chains, and lower free volumes. In contrast to the hydrolytic
degradation of pure polyester matrixes, hydrolytic degradation
seems to initiate at the polymer/nanofiller interface, where absorbed
water molecules accumulate after moisture uptake and proceed to
affect the bulk properties of the nanocomposites.

The long-term effects of thermo- and photo-oxidation on the
properties of biocomposites have not been as widely studied as those
of traditional composite counterparts, perhaps due to the fact that
other degradative mechanisms are more specifically damaging to
these materials than long-term oxidative exposure in a dry environ-
ment. Some authors [ 108] have reported the loss of strength of natural
fibres during prolonged exposure to elevated ageing temperatures
(100 °C), caused by the decomposition of volatile extractables present
on the fibre surface. Although cellulose components are supposed
to remain stable up to 160 °C, thermo-oxidative reactions may occur
alongside prolonged exposure, leading to deterioration of the fibre
structure, development of voids in the interface and overall loss of
fibre-matrix interfacial adhesion. The incorporation of bonding agents
or the performance of fibre chemical treatments used to enhance the
compatibility in the interface is expected to preserve the mechanical
properties during thermo-oxidation [109].

The recyclability of natural-filler-reinforced biocomposites,
based on either a synthetic or a biopolymeric thermoplastic matrix,
is a matter of particular interest for the waste management of these
novel materials. Some studies [110—113] have been devoted to the
multiple reprocessing and recycling behaviour of synthetic poly-
olefins (mainly PP) reinforced with lignocellulosic fillers. In general,
the recyclability of these composites with preserved mechanical
properties is guaranteed up to several reprocessing cycles.
Multiple processing may enhance the interfacial adhesion between
fillers and matrix, contributing to a reported thermal stability in
the reprocessed biocomposites. Different degradative effects are
caused, however, by repeated recycling on the composite structure,
such as fibre length reduction and chain scission in the synthetic
thermoplastic matrix, leading to a decrease in its molecular weight
and an increase in crystallinity. In principle, biopolymer-reinforced
composites are expected to be less recyclable than their synthetic
thermoplastic matrix counterparts, due to the composites’ sensi-
tivity to thermo-mechanical degradation. This does not offer
a disadvantage for their sustainability, since composting and not
mechanical recycling is supposed to be the main waste manage-
ment route for such materials; these implications should, never-
theless, be analysed from a life-cycle analysis perspective. The
recyclability of biocompostable flax/poly(i-lactide) composites has
been studied [114]; there are indications that their mechanical
properties are in fact maintained up to 3 cycles. However, marked
changes were observed for extended cycles, including a decrease in

the molecular weight distribution, a decrease in the glass transition
temperature, a reduction of fibre length, and the separation of fibre
bundles.

High-energy radiation (gamma irradiation) has been reported to
offer beneficial effects on the interfacial adhesion between fibre and
matrix in short-sisal-fibre reinforced natural rubber [109] and in jute-
fibre reinforced PCL [115] biocomposites, enhancing the mechanical
properties and contributing to slow the degradation rates when
subjected to water exposure, weathering and soil burial testing. This
treatment may be applied to tailor the properties and degradative
rates of selected products for special applications, because gamma
radiation is expected to increase the production cost.

The introduction of natural fibres in synthetic thermoplastic-
reinforced biocomposites may offer a protective effect against
photo-oxidation, similar to that reported for thermo-oxidation.
Photo-oxidation promoted by ultraviolet radiation is responsible
for chain scission in the thermoplastic matrix and the apparition of
surface cracks in the composites [98,116]; the propagation of such
cracks and defects can be hindered by increasing fibre load [98] and
by enhancing adhesion between fibres and matrix [117] (either by
fibre treatment or by the addition of compatibilizers).

On the basis of current literature, it is still difficult to understand
the mechanisms of thermo- and photo-oxidative degradation of
nanocomposites [118]. It is well known that inorganic fillers often
experimentally show a negative effect on the oxidative stability of
the polymer, independent of its structure. The complex interactions
between the stabilizing system, the filler, and the polymeric matrix
seem to play a major role in this behaviour. Factors such as the filler
surface area, pore volumes, surface functionality, hydrophilicity,
thermal and photosensitisation properties of the filler, and transi-
tion metal ion content (manganese, iron, titanium) will influence
the oxidative degradation of polymer nanocomposites [119]. Photo-
oxidation appears to be even more severe, due to the catalytic effect
of species present in the nanoclays (e.g., alkyl ammonium modifiers
or iron impurities) [119,120]. However, ongoing research in suitable
stabilizing systems, improved dispersion, and interfacial adhesion
between nanofillers and polymeric matrix will contribute to
minimizing the oxidative sensitivity of such materials.

5.2. Biofilm formation and biodegradation

The analysis of the biodegradation process in (nano)bio-
composites constitutes an important part of the entire design of
these new materials. Complete deterioration and bioassimilation
should be achieved, to guarantee the complete closed life cycle of the
materials and the return to nature of the products’ material value. An
excellent overview on the mechanisms and evaluation procedures
for polymer biodegradation has been recently presented by
Lucas et al. [121]. Biodegradation has been classically defined as the
decomposition of substances in nature or in a human body caused by
the action of micro- or macroorganisms, enzymes, and/or hydrolysis,
leading to the complete recovery of the carbon cycle, mineralization
into carbon dioxide, water, and salts, and the creation of new
biomass. However, this definition has been expanded due to the
complexity of phenomena involved in biodegradation, including the
abiotic effects that synergistically complement the biological activity
during biodegradation. Altogether, biodegradation embraces the
(bio)deterioration processes at the surface of the materials (abiotic
degradation and biofilm formation) that lead to an overall change in
the structural, physical, and chemical properties of the material,
the biofragmentation of the polymeric chains into smaller fragments
by different chemical and enzymatic mechanisms, and the final
assimilation of the polymeric fragments into microbial cells. Abiotic
degradation (water absorption and hydrolysis, photo- and thermo-
oxidation) usually precedes the biological attack and causes an
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increase in the sensitivity of the material for further degradation, but
may also be a factor in every step of the biodegradation process.
Biodeterioration, or the superficial degradation processes caused by
the adhesion and growth of microorganisms into polymeric mate-
rials, can occur by physical effects (penetration of hyphae into
the material), chemical processes (chemical compounds that may be
formed by microorganisms that cause further degradation), or
enzymatic phenomena [121]. Biofilm formation has been reported to
be a multistep process involving surface fouling, degradation of
leaching components from the polymeric matrix, corrosion of the
interface, and further hydration and penetration of microorganism
components into the polymer structure [122]. After initial biodete-
rioration, microorganisms have an easier way to initiate the bio-
fragmentation of the polymeric macromolecules into a mixture of
oligomers and monomers that may be assimilable by living organ-
isms; biofragmentation is usually performed by selected enzymes,
although abiotic processes may be involved as well. Finally, the
polymeric fragments are assimilated by the microorganisms (by
either anaerobic or aerobic respiration, or by fermentation) closing
the material and energetic cycle of the polymer.

The mechanisms and effects of biodeterioration caused by
selected fungi and algae species on different biocomposites (recy-
cled polyolefins and polylactide reinforced with lignocellulosic
fillers) have been recently reported by our group [123]. Biofilm
formation occured on all the studied materials, even if the polymer
itself is inert to biodegradation; Fig. 7 shows the microbial growth
on the surface of the polymeric matrixes and their biocomposites
after 84 days of biodegradation. The incorporation of lignocellulosic
fibres in the polymeric matrixes results in enhanced colonization
of the surfaces by the microorganisms, which was attributed to an
improved environment for biofilm adhesion caused by water
uptake by the fibres. Differences in the biodeterioration mecha-
nisms have been reported among the different polymeric matrixes.
PP biocomposites are affected by biodegradation mostly on the
surface, whereas in PLA composites the effects are also observed in
the bulk; this fact may be due to the increased sensitivity to
hydrolysis exhibited by PLA. In the long-term, biodegradation of the
natural fibres results in a porous PP matrix structure, whereas in
PLA composites both matrix and fillers degrade in parallel.

The effects of the addition of natural fibres and other lignocel-
lulosic fillers on the biodegradation process of biocomposite

materials is an active topic of research [95,96,118,124—131]. In
general, the presence of lignocellulosic reinforcements enhances the
microbial attack and the biodegradation rates, although in certain
cases, the addition of biofibres and the resulting fibre—fibre inter-
actions caused an initial lag period due to reduced initial water
uptake and limited accessibility of microorganisms [96]. The pres-
ence of biofibres promotes biofouling and the adhesion of microor-
ganisms to the surface; the surface roughness seems to play an
important role in this initial phenomenon [124]. The kinetics of the
biodegradation process depends on the susceptibility of the different
components of the biocomposite materials, usually with different
synergistic behaviour affecting the overall rates; starch is normally
the main site for biodegradative attack in starch-containing bio-
composites [125—127]. The interfacial adhesion plays a very effective
role in controlling the biodegradation rates, by selecting the type
of natural filler that exhibits higher fibre—fibre and fibre—matrix
interactions (e.g. bacterial cellulose in starch biocomposites [128]),
and incorporating suitable compatibilizing agents between the
fillers and the matrix if interfacial adhesion needs to be improved
[125—127129]. The hydrophilic nature of the polymeric matrix
and the degree of crystallinity are other structural and chemical
parameters that control the biodegradation rates, by affecting the
accessibility of water and enzymes to the substrates [131]. In this
case, PCL biocomposites may exhibit slower hydrolysis and biodeg-
radation rates than other biopolymer-based composites, due to their
tailored semicrystalline structure and relative hydrophobicity.

The preparation of biodegradable nanocomposites based on
thermoplastic polyester matrixes and nanoclays as fillers consti-
tutes one of the major breakthroughs in polymer materials science
in the last decade. The incorporation of nanoclays in polymeric
matrixes has been widely reported in the literature to improve the
biodegradation of the resulting nanocomposites [29,30,132—137],
although the exact mechanisms are not well known yet. Other
authors [138,139] have observed a decrease in biodegradability in
their biopolymer/nanoclay compositions, which has been attrib-
uted to the impaired water uptake caused by the dispersed silicate
layers and their effective compatibilization with the polymeric
matrix, the crystallinity of the polymeric matrix, and the anti-
microbial properties of certain organo-modified nanoclays [139].
The higher degradation rate in the presence of nanoclays has been
attributed to the presence of hydroxyl groups in the nanoclays,

Fig. 7. Biofilm formation on the surface of polymeric matrixes and their biocomposites reinforced with lignocellulosic fibres as revealed by scanning electron microscopy: (a) PP; (b)
PP with 50% wood flour; (c) recycled PP (containing 2% EVA) reinforced with 10% Kraft pulp and hemp fibres; (d) Polylactide; (e) Polylactide with 25% wood flour. Redrawn from

Stromberg et al. [123]. Printed with permission, copyright Elsevier (2009).
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which can promote initial water uptake and hydrolytic degradation
of the matrix polymer [136]. Moreover, the different pHs that arise
in the proximities of the nanoclays after water absorption may
catalyse the enzymatic activity of depolymerase and contribute to
a remarkable enhancement of the biodegradation rate in nano-
composites, as has been demonstrated in biodegradation studies
using enzymes, compost, and fungi media [137]. The crystallinity of
the polymeric matrix also affects the biodegradation process. In
semicrystalline polymers, biodegradation starts in the amorphous
region; degradation rates are expected, thus, to be affected by
the degree of crystallinity, as it has been shown for PHB and PCL
composites with nanoclays [136,137]. In general, the factors that
may affect the biodegradability of polymer nanocomposites will be
similar to those reported for the water uptake. Indeed, the rate of
biodegradation may be finely tuned by the choice of the appro-
priate nanofiller according to its hydrophilic/hydrophobic nature
and its characteristic pH values in aqueous solutions, the dispersion
of the filler in the matrix, and the control of the final crystallinity of
the nanocomposite during either processing or post-treatment
annealing (when semicrystalline polymeric matrixes are being
used).

Biodegradation studies of newly designed (nano)biocomposites
should contain an assessment of the ecotoxicity of the degradation
products after fragmentation, to ensure the effective assimilation by
microorganisms without any hazardous effects on them and the
environment. The available ecotoxicity tests for biodegradable
polymeric materials in compost are usually performed on plants, soil
fauna (earthworms), aquatic fauna (Daphnia), algae (green algae),
and microbes (luminescent bacteria) [140]. Preliminary ecotoxico-
logical tests on starch blends [141] and modified starch reinforced
with various cellulose fibres [142] indicate that the biodegradation
products of these materials are ecologically safe. An interesting
result was however reported by Tuominen et al. [143] in the study
of the ecotoxicity of lactic-acid-based polymers under controlled
composting conditions. According to these biotests, poly(ester-
urethane), poly(ester-amide) and poly(lactide) with 1,4-butane
diisocyanate as a chain connector do not exhibit any ecotoxicological
effect; contrarily, the use of 1,6-hexamethylene diisocyanate as
a connecting agent should be avoided in biodegradable polymers
because of the environmental risk. This example illustrates the
importance of collecting detailed information on the ecotoxico-
logical effects of the different families of nanobiocomposites before
they reach their end of life, especially while new formulations are
being explored for the design of new materials with different
modified fillers, compatibilizing agents, and additives.

6. Conclusions

This review has discussed the new trends for the design of
polymeric-based sustainable, taking into account their resource and
environmental implications. The use of renewable materials for their
manufacture does not guarantee the sustainability of the resulting
composites; benign chemical and physical synthetic and modifica-
tion procedures should be employed, together with evidence of no
hazardous or toxicological effect during service life and guaranteed
waste management procedures to return their material and ener-
getic value and close their cycle. Future integrated biorefineries
based on green chemistry operations will serve as the basis for
providing sustainable raw materials for biocomposite production.
Independent life cycle assessment studies should be performed
in any new product based on biocomposites, to guarantee their
improved environmental performance as alternatives to traditional
materials. The susceptibility of biocomposites to environmental
degradation still constitutes one major disadvantage for their use in
structural applications; further research is therefore needed to

design materials with enhanced functionality and stability during
processing and service life, and preserved biodegradability if com-
posting is the selected route for waste management.

The present and future look promising for the introduction
of sustainable biocomposites as a replacement for traditional fossil-
based materials in diverse applications. A wide range of raw
materials from recycled and renewable resources will be readily
available for choice, together with controlled synthetic and modi-
fication routes to tailor the desired properties of the designed
biocomposites. However, it is our responsibility from a research
perspective, to carefully consider the sustainability of the bio-
composites in each stage of the life cycle and not only target at
determined macroscopic properties as the goal of material design.
Only by the conscious integration of sustainable crop growth,
raw material extraction, synthetic and modification steps, material
processing and product manufacture, safe service life in the
intended application, and suitable waste management will we be
able to achieve the true goal of sustainable development in material
and product design.
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