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1 Introduction

For many years, synthetic plastic materials produced from
petrochemicals, have been used in a variety of applications in
everyday life, such as, in packaging, automotive and health-
care applications, and communication and electronic industries
(Ohtake et al,, 1998). They became essential due to their versatil-
ity, aesthetic qualities, durability, and low cost (Bayer etal.,, 2014).
However, due to their excessive use, several drawbacks, such as,
its resistance to decomposition, toxicity after incineration, and
accumulation in the environment, induce negative ecological im-
pact in landfills and water contamination. Moreover, the growing
ecological responsiveness together with the novel environmental
laws, are pushing the industries to search for more ecofriendly
materials, specifically for food packaging, where the material has
avery short lifetime (Ohtake et al., 1998: Scott, 2000).

Thus, minimizing their unfavorable ecological impact became
a challenge. A possible solution to solve this problem could be to
replace commaodity-synthetic polymers by biodegradable ones,
with good performance. The latter, after usage, would be prone to
degradation and digestion by microorganisms, which would min-
imize their unfavorable ecological impact (Mohanty et al., 2000;
Scott, 2000).

Simultaneously, the high amount of agro-wastes generated
by the food industry has been a growing concern, which around
1.3 billion tons left-over, which becomes an environmental
and financial issue (Bayer et b, 2014). Among these agro-wastes,
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.

food waste stands out, halum, and stems of vegetables/fruits,
grains and seeds, from which it is possible to obtain natural poly-
mers (Shah et al., 2008).

Thus, in this chapter the discussion is on how to directly extract
natural polymers, namely cellulose, from vegetable agro-wastes
by applying green chemistry methodology, and its modification in
order to develop new biopolymers with potential application in
food packaging.

2 Synthetic Plastics

During the past decades, petroleum-based synthetic polymers,
commonly known as plastics, have gradually expanded and be-
come one of the most appealing types of materials. The worldwide
production is estimated to be around 140 million tons per year
(Shah et al., 2008). This achievement is mostly associated with
their properties, such as, low price, good processability, low den-
sity, good aesthetic qualities, and resistance to degradation.

The most widely-used plastics are polyethylene (PE, 29%),
polypropylene (PE 19%), polyvinyl chloride (PVC, 13%), polysty-
rene (PS, 7%), poly(ethylene terephthalate) (PET, 7%), polyure-
thane (PUR, 6%), and others (Fig. 7.1).

Polyolefins are the synthetic polymers with the highest
commercial success, accounting for more than 47% of Western
Europe’s total consumption, 24.1 million tons per year. They
present a combination of physical properties (flexibility,
strength, lightness, stability, and impermeability) that are
ideally suited to a wide variety of applications, such as food
packaging (Simon et al., 1596).

Owing to the growing increase in the production of commodity
plastics, as well as, the deposition rate in the past two decades of
the 20th century, they are currently the most common and persis-
tent pollutants worldwide. Once such material became part of the
natural ecosystem, the negative effect of it is a long-lasting con-
tribution to environmental contamination is depicted in Fig. 7.2
(Shah et al.,, 2008; Thompson et al., 2009). The growing ecologi-
cal responsiveness, together with the new environmental laws,
are pushing the industries to search for more ecofriendly plastics,
specifically in applications where they have a very short lifetime
(Moura etal., 2011). =

Under natural conditions, the degradation of synthetic
plastics is a very slow process that involves environmental fac-
tors, followed by the action of wild microorganisms (Albertsson
et al.,, 1994; Cruz-Pinto et al., 1994). This has raised growing
concern about the development of biodegradable polymers,
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Figure 7.1. Global plastics market consumption.

Figure 7.2. The negative impact of plastics waste disposal.

promoting research activity worldwide to either modify current
products, in order to induce degradability, or to develop new
alternatives that are biodegradable after use. The use of these
materials, in applications with a short-life cycle, namely food
packaging would be an ecological alternative to reduce the solid-
plastic waste (Albertsson et al., 1994).
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3 Petroleum-Based Biodegradable
Polymers and Polymers Derived From
Renewable Resources

Limited resources of petroleum-based polymers and increased
environmental awareness on sustainability, has attracted a higher
interest toward biodegradable polymers from renewable resourc-
es, for industrial application (Nabar et al.. 2005). The use of these
materials is an alternative to conventional nonbiodegradable
plastics, which could be a more friendly solution for the environ-
mental problem, induced by plastics wastes (Tserki et al., 2006).

The research and consumption of biodegradable palymers
that are derived from renewable resources has increased in the
past decades. The target market is mainly food packaging materi-
als, hygiene products, and agricultural tools. Nevertheless, it is still
a competition between commodity plastics and biodegradable
ones, due the low cost of the former, functional properties, and
processability (Gross and Kalra, 2002; Sudesh and twata, 2008).

Bioplastics can be made of biodegradable petroleum-based
polymers, 100% renewable material, or a combination of renew-
able and fossil materials (Fig. 7.3).
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Figure 7.3. Resources of biodegradable polymers. From Raddy et al (2012),
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According to Reddy et al. {2012) biodegradable polymers can
be divided as follows:

1. Petroleum-based biodegradable polymers: They are synthesized
from petroleum resources that are biodegradable at the end of
their functionality. Poly(e-caprolactone) (PCL) and poly(butylene
adipate-co-terephthalate) (PBAT) are some examples.

2. Bioplastics from mixed sources (bio-ipetro-): These biode-
gradable materials are developed from a combination of bio-
based and petroleum monomers; they include polymers as
poly(trimethylene terephthalate) (PTT), biothermosets, and
biobased blends.

3. Renewable resource-based polymers: These biopolymers are either
synthesized naturally from plants and animals, or from renew-
able resources. Some of the most significant examples are poly-
lactic acid (PLA), cellulose, starch, chitosan, lignin, and proteins.
This chapter focuses on bioplastics from renewable resources

and their application in the food packaging industry. The current

status of production and application of the renewable resource-

based bioplastics, specifically PLA, starch, and cellulose (Table 7.1)

and the new trends in obtaining biopolymers directly from agro-

wastes, such as cellulose, using a green chemistry methodology.

3.1 Polyethylene-Based Polymers

Synthetic polymers similar to polyolefins are resistant to bio-
degradation by the action of microorganisms and have a long life-
time (Sastry et al., 1998). In its original form, PE does not degrade,
which is related to the high molecular weight and also to the high
hydrophobic character. Thus, the use of conventional PE in food
packaging has a negative environmental impact. However, re-
search studies concerning polyolefins’ biodegradation have dem-
onstrated that these polymers have short carbon chains and can
be used by the microorganisms as a carbon source, which, there-
fore, makes them biodegradable (Yamada-Onoedera et al., 2001).
Accordingly, to turn PE biodegradable, it is essential to change
its features, for instance, molecular weight and crystallinity level,
which enhance the resistance to degradation. Studies related with
the bindegradation of PE were carried out by Wang et al. (2004)
and Bonhomme et al. {2003), and it was found that its degrada-
tion occurred in two distinct steps, hydrodegradation and oxo-
biodegradation (Bonhomme et al., 2003). Other researchers also
observed that the oxidation products of polyolefing are biode-
gradable (Smith, 2005). According to Albertsson et al. (1993), the
biodegradation mechanism of PE occurs in different pathways.
The first step is the oxidation process, in which the PE is oxidized,
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Coffee and tea
Beverages

Fresh salads

Carbonated water, fresh juices, and dairy drinks
Freshly cut fruits, whole fruit vegetables, bakery goods,

and salads

Organic pretzels and potato chips
Yogurt

Frozen fries

Organic fruit and vegetables
Pasta

Herbs

Prepared sandwiches and pasta salads
Bread

Organic poultry

Starch-based

Milk chocolates

Organic tomatoes

Cellulose

Kiwi

Potato chips

Organic pasta

Sweets

From Peelman et ai. (2013).

Table 7.1 Current Applications of Plastics

Biopolymer

Cardboard cups coated with PLA
PLA cups

FLA bowls

PLA bottles

Higid PLA trays and packs

PLA bags

PLA jars

PLA films {Bio-Flex)

PLA packaging

PLA packaging

PLA packaging

PLA bowls, packaging

Paper bags with PLA window
PLA bowls and absorb pads

Corn-starch trays

Corn-based packaging

Biobased trays wrapped with cellulose film
Metalized callulose film

Cellulese-based packaging

Metalized cellulose film

resulting in the formation of hvdroxyl (—OH), carbonyl (—C-—0),
and carboxylic acid groups (—COOH), which leads to the decrease
of the polymer chain molecular weight, followed by the biodeg-
radation due the microbial action. The oxidation process plays a
crucial role in the reduction of PE’s molecular weight and conse-
quently, the formation of compounds with reduced size, which can
be subsequently be assimilated by the microorganisms. It has been
shown that PE molecular fragments are easily degraded. Another
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approach to increase the polyolelin biodegradation consists in
blending them with native biodegradable polymers, such as, starch
or even with other synthetic biodegradable polyesters like PLA,
PCL, and poly(glycolic acid) (PGA). lwamoto et al. {1994) evaluated
the biodegradation of blends of low-density polyethylene (LDPE)
and PCL and concluded that when samples are submitted to an
enzymatic degradation they suffer a significant weight loss. Mach-
ado et al. {2007) evaluated the biodeterioration of high-density
polyethylene (HDPE) blended with biodegradable polyesters, like
Mater-Bi (thermoplastic starch with PLA or PCL), that is processed
in a corotating twinscrew extruder. In a previous study, Albertsson
et al. (1993) showed that starch, when blended with LDPE matrix,
produces a material with higher susceptibility to biodegradation
when compared with neat LDPE. Another alternative to the syn-
thesized biodegradable PE consists is the graft copolymerization of
a biodegradable polymer. Many research works reported the prep-
aration of several grafted-polyethylene copolymers by chemical
modification of natural polymers (eg, starch) for numerous poten-
tial applications, including food packaging. Maharana and Singh
{2006) studied the graft copolymerization of starch onto LDPE,
using an initiator. The soil-burial tests of PE-g-starch showed that
by grafting, starch moieties onto synthetic PE, it is possible to en-
hance the percentage of biodegradation, which is correlated with
the graft yield. Another study, carried out by Gautam (2010}, re-
ported the biodegradation of graft copolymers based on starch
and PE. The biodegradability tests performed by soil-burial tests
showed a growth in the number of microorganisms. Additionally,
the products resulting from the biodegraded sample hydrolyze
faster. Kaur et al. (2008} described the modification of polyethyl-
ene by the formation of graft copolymers based on gelatin (PE-g-
gelatin). The biodegradation of these samples was monitored by
soil-burial assays, by determining their weight loss. According to
the analysis, it was observed that a growth in the number of mi-
croorganisms on the grafted material, as well as, an increase in the
percentage weight loss occurs. Thus, the rational design of biode-
gradable polyolefins with the required features for a specific appli-
cation, and with the capacity of being degradable/biodegradable
after use, has been the subject of many works searching for valid
alternatives to conventional nondegradable plastics.

3.2 Polyle-Caprolactone)

PCL is a biodegradable polyester, obtained from the ring-
opening polymerization (ROP) of the corresponding monomer,
e-caprolactone (e-CL). This thermoplastic is quite flexible, hav-
ing low viscosity and a melting point around 58-60°C, presenting
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good chemical resistance, and being easily processable (Calil
et al,, 2006). Nevertheless, it presents some disadvantages associ-
ated with the low mechanical performance and high price. Thus,
it is necessary to blend it with other polymers to get biodegradable
materials at lower cost for some applications. Many studies have
been carried out to develop fully biodegradable polymer blends
containing PCL (Koenig and Huang, 1995; Pranamuda et al., 1996).
The research findings demonstrated that the mechanical perfor-
mance of the resulting blends (PCL/starch) became poorer with
increasing amount of starch. The results are attributed to the
poor compatibility between both components, due to their dis-
tinct hydrophilic character, since PCL is hydrophobic and starch
hydrophilic. Yang et al. {2001} prepared biodegradable compos-
ites based on PCL and chitosan by melt mixing. It was shown that
increasing the amount of chitosan did not affect the melting tem-
perature, which is explained by the immiscibility of the compo-
nents. Other studies using PCL and biodegradable thermoplastic
starch were performed in order to adjust the rheological behavior
of the melt (Matzinos et al., 2002). They used several starch grades
produced by Novamont and verified that the degradation of PCL
was faster for higher starch content. Besides that, the mechanical
behavior of PCL/starch blends was also evaluated. The increase in
the amount of modified starch, induces a decrease in the elonga-
tion at break and tensile strength and an increase in the Young's
modulus compared to neat PCL (Yavuz and Babag, 2003). One
approach to enhance the mechanical performance of PCL/starch
blends is by using synthetic polymers, such as LDPE. Also, Bastioli
et al. {1995} showed that the biodegradation of PCL can be signifi-
cantly accelerated by the presence of starch.

Nevertheless, by simple bending PCL with other biodegradable
polymers fails in several applications, owing to the incompat-
ibility between the components. Thus, one possible way to over-
come this issue is by the use of a compatibilizer, which induces
an enhancement of the interfacial adhesion between both com-
ponents. Choi et al. (1999), prepared PCL and starch blends using
starch-g-PCL graft copolymer as compatibilizer. The mechanical
performance of the resulting blends correlated with the effect of
the compatibilizer addition. According to the reported results, it
was observed that the starch-g-PCL graft copolymer induced a re-
markable increase in the elongation and toughness.

3.3 Poly(Butylene Adipate-co-Terephthalate)
PBAT is a commercially well-known biodegradable copo-
lymer, which is obtained by polycondensation of adipic acid,
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1,4-butanediol, and dimethylterephthalate along with a catalyzer,
for example, tetrabutylorthotitanate (Jiang et al., 2009). This poly-
mer shows good mechanical properties (high flexibility, elastic-
ity, and elongation at break) and suitable thermal properties for
concentration of terephtalic acid above 35%. It has resistance to
wear and fracture, good hydrophilic- and processing properties.
Nevertheless, the high cost associated with its production, as well
as, the fragile Young’s modulus, circumscribe the application of
this polymer. For values higher than 55% of terephalic acid, its
biodegradability decreases (Witt et al., 2001). Several biodegrad-
able copolyesters resulting from the modification of PET with
different content of terephtalic acid were prepared (Mohanty
et al., 2000). Nevertheless, PBAT is a polymer whose production is
dependent on petroleum-based materials and is associated with a
high production cost, limiting its application in industry. Thus, the
development of blends based on PBAT and other biodegradable
polymers can impart the properties of the blend components to
the final polymer. Among the biodegradable polyesters, PLA is a
strong candidate to be blended with PBAT, because it is possible to
reduce the overall cost and enhance the mechanical performance
of the final PLA/PBAT blend (Shahlari and Lee, 2012). Shahlari
and lee (2012} blended PBAT and PLA and achieved good elon-
gation at break, an enhanced Young’s modulus, and reduced the
overall cost of the produced material. Additionally, Zarrinbakhsh
et al. (2013) added inexpensive biomass in poly(hydroxybutyrate-
co-valerate) (PHBV)/PBAT to develop biodegradable composites
with improved mechanical properties. Remarkably, the incorpo-
ration of some types of stearic, caproic, and lauric saturated fatty
acids enhanced the degree of crystallinity of the biodegradable
polymers prepared with PBAT, starch, and glycerol. Also, agar
biopolymer has been used to get reinforced PBAT. The resulting
biodegradable composites developed by injection molding and
extrusion were characterized in terms of their thermal, physico-
chemical, and morphological properties. Another approach con-
sisted in the preparation of PBAT-biodegradable nanocomposites
by using organically modified silicates . The results showed that by
the incorporation of the nanofiller, the thermal stability, and stiff-
ness of PBAT increased, producing a more sustainable polymeric
material (Someya et al., 2005).

3.4 Polylactic Acid

PLA is a biodegradable thermoplastic polyester produced both
from fossil and renewable resources, that is nowadays one of
the most promising polymers for commercially replacing LDPE,
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HDPE, PET, and PS (Peelman et al., 2013). The production of
PLA presents advantages over other synthetic materials: (1) PLA
can be obtained from the processing of renewable agricultural
sources, like corn, or other carbohydrate sources, into dextrose,
followed by a fermentation step, into lactic acid (LA); (2) its pro-

' duction consumes CO gp®viding significant energy savings; and
(3) PLA is recyclable and compostable (Drumright et al,, 2000;
Whiteman, 2000; Massardier-Nageotie et al,, 2006).

Early economic studies have shown that PLA is an economi-
cally feasible material that can be used as a packaging material
(Datta et al, 1995). PLA properties are determined by both the
polymer architecture (stereochemical makeup of the backbone)
and the molecular weight, the latter being controlled by the addi-
tion of hydroxylic compounds. PLA can exist as a racemic mixture,
denominated as dl, or as two stereoisomers, designated as 1. and
p. While the pi. form is optically inactive, 1 and b forms are active.
Both, poly(p-lactic acid) (PDLA) and poly(i-lactic acid) (PLLA)
are semicrystalline, whereas poly(pi-lactic acid) (PDLLA) is com-
pletely amorphous (Vasanthan and Ly, 2009). The control of the
polymer stereochemical architecture allows a precise control over
the crystallization rate, the crystallinity degree, mechanical prop-
erties, and processing temperature (Auras et al., 2004). PLA is a
biodegradable polyester with one of the highest melting tempera-
tures, around 160-190°C.

Bacterial fermentation is used to produce LA from corn or cane
sugar. However, LA cannot be polymerized as a useful product,
because during the polymerization reaction, water molecules are
generated, and its presence degrades the formed polymer chain.
Thus, PLA of high molecular weight is produced by ring-open po-
lymerization of LA using a catalyst, by solvent-free continuous
process, and distillation method (Shah et al., 2008). This mecha-
nism does not generate additional water, and thus, a wide range of
molecular weights is achievable.

PLA is currently used in industrial packaging and biomedical
applications, because the processing possibilities of this trans-
parent material are very wide, ranging from injection molding
to blow molding and thermoforming (Nair and Laurencin, 2006;
Siracusa et al., 2008).

For commercial applications, due to the cost and brittleness of
PLA, it is essential to blend it with other biodegradable polymers,
to improve several properties and reduce its cost. Thus, some re-
search studies were carried out on binary polymeric systems. As
an example, Nijenhuis et al. (1996) blended PLA with up to 50%
of polyethylene oxide (PEQ), which results in blends with a single
glass transition temperature (T ), suggesting a compatibility of
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both components in the amorphous phase. Similarly, by blend-
ing PLA with polyvinyl alcohol (PVA) a single Tg was observed,
which indicates that the PLA/PVA system is compatible (Gajria
et al., 1996). Other experiments performed by Sheth et al. (1997}
have shown that by blending PLA with polyethylene glycol (PEG)
it is possible to obtain PLA/PEG-miscible blends, at a defined con-
centration of PEG. The biodegradability results, achieved from an
enzymatic degradation, indicate significant decrease in the weight
loss when compared with neat PLA. For a PEG content of 30%, a
lower weight loss of the samples is essentially due to the enzymatic
degradation of the PLA. However, for a content above 30% of PEG,
the weight loss is mainly due to the PEG dissolution. A combina-
tion of both, degradation of PLA and PEG dissolution, occurs for
PLA/PEG blends up to 30% of PEG. Zhang et al. (1995) also studied
the miscibility of PLA and PCL blends. They observed that to a cer-
tain extent of miscibility it is possible to get fine morphology and
also fast hydrolysis. At the same time, some works devoted to the
synthesis of PLA-based biodegradable copolymers have been car-
ried out. Cohn and Younes (1988) synthesized block copolymers
by using PLA and PEO aiming to develop bioadsorbable polymeric
materials to overcome the mechanical limitations and degrada-
tion most of the biodegradable polymers. It was demonstrated
that the incorporation of PEQ into the PLA resulted in materi-
als with a high hydrophilic character, suitable equilibrium water
contents around 60%. Poly(lactic-co-glycolic) acid (PLGA) is also
a PLA-based biodegradable copolymer that, due its biodegrad-
ability and biocompatibility, has been one of the most attractive
polymers for tissue engineering and drug delivery applications.

3.5 Starch

Starch is a carbohydrate that consists of a large number of glu-
cose units joined together by glyosidic bonds containing, usually,
20-25% amylose and 75-80% amylopectin. It occurs widely in
plants, like rice, corn, cassava, and potatoes. In all of these plants,
starch is produced in the form of granules, varying in size and
in composition, according to the plant used. Starch granules are
hydrophilic and the water content of starch varies with relative
humidity. While the branched amylopectin component contains
crystalline areas, the linear amylose is mostly amorphous. Starch
granules can be gelatinized in water at lower temperatures in al-
kaline solution and can be used as a thickening, stiffening, and
gluing agent, giving wheat paste (Postek and Brown, 2009).

There are several degradable plastics made from starch
(Narayan, 1994; Chandra and Rustgi, 19498; Lawton, 1996). For
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instance, a fully biodegradable starch-based polymer is prepared
from corn or potato starch, along with smaller amounts of food-
grade additives. The resin is suitable for manufacturing injection
molded pieces, films, and starch-based loose-fill packaging mate-
rial (Briassoulis, 2004). These pieces degrade in an active biologi-
cal environment.

Starch has a wide variety of applications, including adhe-
sives and industrial emulsions, construction, glass fiber, medical
gloves, personal care, packaging, and in agriculture. The interest in
this biopolymer has been recently renewed due to its abundance,
low cost, availability, biodegradability, possibility of blending with
conventional polymers, and the possibility to be processed using
conventional polymer processing equipment, such as, extrusion
and injection molding (Yew et al., 2005). However, starch by itself
presents some limitations, owing to its hydrophilic character. In
this context several studies have been carried out in order to asso-
ciate thermoplastic starch with other biodegradable polymers to
overcome the starch limitations. Among them, the most common
are aliphatic polyesters, such as PLA, PCL, PHBV, poly(ester amide)
(PEA), and poly(butylene succinate adipate) (PBSA), or even an
aromatic polyester like PBAT (Schwach and Avérous, 2004). There
are some starch-based blends, such as Mater-Bi (from Novamont,
Italy), that are presently commercialized. The incorporation of the
above biodegradable polymers improves the mechanical perfor-
mance of plasticized starch. Even though blending is inexpensive
and easier, its main disadvantage is the immiscibility of most of
the polymers because of their distinct chemical structures. There-
fore, another approach involves grafting other acrylic and vinyl
monomers onto the starch polymer chain, increasing its hydro-
philicity or hydrophobicity, depending on the conditions used.

Maharana and Singh {(2006) have successfully prepared bio-
degradable PE by graft copolymerization of starch, and the bio-
degradability was evaluated. They proved that this approach
allows high biodegradability, which increases with the amount
of grafted starch. In other study Halley et al. (2001) synthesized
starch-based biodegradable films based on starch-based biode-
gradable polymers mixed with high performance polyesters. The
obtained films displayed excellent tensile strength and biodegrad-
ability. The biodegradation of the mentioned polymeric materi-
als can occur by different pathways; when disposed in landfills,
they undergo photodegradation by the action of catalysts, oxygen,
water, microorganisms, sunlight, and enzymes of the soil (Saroja
et al,, 2000). Exceptional susceptibility to microorganisms’ growth
has been perceived in a humid environment for starch-graft copo-
lymers. Thus, starch is a potential polymeric material that allows
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development a wide variety of products. It can be integrated in
the polymer, thermoplastic starch (TPS), graft copolymers, among
others. Since it is an inexpensive material, ecofriendly, and bio-
degradable, starch is a good candidate to replace conventional
petroleum-based nondegradable plastics.

3.6 Cellulose

Cellulose is one of the most abundant polymer presents in
nature, and is found as a structural component in the cell wall
of plants and algae, and it can be also produced by various spe-
cies of bacteria (Bishop, 2011). It is well known that cellulose is
a very important and attractive biopolymer and an almost inex-
haustible and renewable raw material, because it presents unique
advantages and properties, including biodegradability, recyclabil-
ity, renewability, biocompatibility, relatively high resistance, and
stiffness (Dai etal., 2013). Even though wood is the most available
raw source of natural cellulose, other sources have also been ex-
plored (eg, sisal, cotton, ramie) that can be used as raw materials
for several products in a wide range of industries. These include
coatings, laminates, optical {ilms, and sorption media, additives
to develop construction materials, composites, nanocomposites,
and pharmaceuticals (Klerm et al., 2005; Moon etal., 2011).

The particular structure of cellulose provides interesting
properties. The repeating units of glucose that constitute this
macromolecule can be organized in different ways, resulting in
its specificity, reactivity, and diversity of architectures (Moon
et al, 2011). Its propertics and specificity for a given reaction de-
pend on several factors, such as, the process used to isolate the
cellulose, chain lengths, its distribution, number of inter- and in-
tramolecular hydrogen bonds, distribution of functional groups
within the repeating units, crystallinity, and the degree of polym-
erization, which render cellulose as a unique material (Poletto
et al., 2013; Akerholm et al., 2004; Oh et al., 2005).

As an example, cellulose derived from wood pulp has mole-
cules with 300-1700 repeating units, whereas cellulose from other
plant fibers, cotton, as well as from bacteria, has polymer chains
with 800-10,000-repeating units. Despite its hydrophilicity, the
major drawback is related to its water-insolubility, as well as, in
most of the organic solvents (Pingali et al., 2010; Onda et al., 2008;
Nishiyama et al., 2002; Zhao et al., 2007). Only treatment with con-
centrated acids, at high temperatures. or even using Schweitzer re-
agents breaks down cellulose into its glucose units (Stenius, 2000).
These solvents are used in the production of regenerated cellulose
from dissolving pulp. Also, the dissolution process of cellulose can
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be significantly improved with many kinds of ionic liquids (Wang
et al, 2012). Por this reason, only a very small fraction of cellulose
is used for the production of commodity materials and chemicals.
Cellulose can easily react with other synthetic polymers, be-
cause it has many hydroxyl groups. Examples of some stud-
ied cellulose-based blends are cellulose with PCL, which are
partially compatible (Nishio and Manley, 1990), and blends
of poly(4-vinylpyrrolidone) with cellulose in different ratios
(Masson and Manley. 1991). Other authors reported the study of
blends based on PVA and cellulose (Masson and Manley, 1991).
The properties of resulting blends of cellulose and PE were also
studied. It was demonstrated that the biodegradability ratio in-
creases (Kaczmarek and Oldak, 2006). According to the results,
it was concluded that the LDPE/cellulose blends are less biode-
gradable, due to the fact that the film's degradation occurs on the
surface, under environmental conditions. Rogovina et al. (2013}
developed LDPE/cellulose and LDPE/cellulose/PEO (or chitosan,
chitin) binary and ternary blends, respectively. It was demonstrat-
ed that the incorporation of PEO or the polysaccharides (chitin or
chitosan) as a third constituent enhances the biodegradability.

36.1 Cellulose From Plants and Bacterial Cellulose

Even though cellulose is the most abundant naturally occur-
ring polymer of glucose, found as the main constituent of plants
and natural fibers, it can be also synthesized by specific bacte-
ria, such as, those of the genera Gluconacetober, Agrobacterium,
Aerobacier, Azotobacter, Rhizobium, Salmonella, and Acetobac-
terxylinum (Ross et al., 1991). Both, bacterial cellulose (BC) and
plant cellulose (PC) are chemically similar, though their macro-
molecular structure and physical properties are different (Czaja
et al., 2007) (Scheme 7.1).

For both BC and PC, the units of glucose units are kept together
by 1,4-B-glucosidic linkages, which determines the crystallinity
degree of cellulose, being above 60% for BC and 40-60% for PC
(Sannino et al., 2009) that contributes to its insolubility in com-
mon solvents and water, as previously referred. The fibers pro-
duced have reduced size when compared with BC are smaller than
PC fibers and displays a fiber network with high tensile strength
and water-retention capability compared to PC. Additionally, BC is
purely contrasting with PC that is it is generally related with other
components, including pectin and lignin (Keshk, 2014). Thus, while
BC can be used without any further purification after synthesis by
bacteria, PC requires additional modification and purification.
Concerning its chemical modification, it is usually accomplished
by etherification or esterification of the hvdroxyl groups, aiming to
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Scheme 7.1. Pathways to cellulose formation.

produce cellulose derivatives. These derivatives are more process-
able and find large applications at the industrial level due to the
fact that cellulose and its derivatives are biodegradable and eco-
friendly as are degraded by many microorganisms present in the
environment (Tomgic et al., 2007). Several studies were carried out
to evaluate their biodegradation. It was found that during this pro-
cess a significant decrease in the molecular weight occurs, leading
to the deterioration of the mechanical performance. Also, higher
biodegradability of cellulose is confirmed by a decrease of the
crystallinity degree and enhanced solubility in water (Miyamoto
et al., 1989). Despite the advantages of BC compared to PG, it is
well known that the latter has been used as a major source of raw
materials and products.

362 Cellulose From Agro-Wastes

Cellulose from vegetable agro-wastes is an example of plant-
derived polymers that shall be exploited for new bioplastics
production. These materials should have unique properties of
considerable interest to replace conventional plastics. Herein, the
direct synthesis of new bioplastics, from vegetable agro-wastes
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and tailoring their properties by a grafting approach using con-
trolled radical polymerization (CRP) chemistry, is a challenge.

Along with the environmental pressures and carbon footprints
issues that surround traditional petroleum-based synthetic poly-
mers, there is a possibility to replace some of these by biopoly-
mers directly by synthesized agro-wastes.

This chapter provides an overview on the development of bio-
degradable materials based on cellulose, focusing on cellulose
derived from vegetable agro-wastes. Green chemistry aspires to
design chemical products that are fully effective, yet have little or
no toxicity, which break down into innocuous substances if re-
leased into the environment after use, and/or that are based on
renewable feedstocks, such as agricultural wastes. An overview of
the green chemistry methodologies that have been used to extract
natural polymers namely cellulose, from vegetable agro-wastes
will be pointed out.

4 Extraction of Cellulose From Food
Agro-Wastes

The high amount of agro-wastes generated from the food in-
dustry has been a growing concern, because it generates enor-
mous amounts of inedible residues, originating from processed
edible vegetables and cereals, all over the world. In Europe, more
than 24 million tons of processed vegetable waste are generated
and worldwide around 1.3 billion tons are left over per annum
(Gaiker, 2004), which becomes an environmental and financial is-
sue (Bayer et al., 2014).

Cellulose exhibits unique properties and can be produced
from plants and agro-wastes, but its production with high pu-
rity from vegetable agro-wastes is still a challenge. Owing to its
highly structured intermolecular hydrogen-bonding network, this
polymer cannot be melted or dissolved by standard processes,
such as thermoforming or dissolution (Pingali et al., 2010; Onda
et al., 2008; Nishivama et al., 2002; Zhao et al., 2007). For this rea-
son, cellulose is mainly used in industrial applications in the form
of cellulose derivatives, including cellulose esters or ethers. Con-
ventional processing methods cannot be used, leaving industry
to resort to cellulose derivatives, consuming extra time and cost-
ly chemical-purification steps to regenerate it (Kraemer, 1938).
Trifluoroacetic acid (TFA), a natural organic acid with low toxic-
ity, is biodegradable by microbial action and is capable for extrac-
tion of cellulose bioplastic (Kim et al., 2000). Baver et al. (2014),
used TFA as a unique solvent to cosolubilize cellulose with other
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Figure 7.4. SEM images of the surfaces of (a) parsley, (b) rice, (c) spinach, and (d)
cocoa samples, respectively. From Bayer et al. (2014).

organic-contained matter to obtain biopolymers from lignocellu-
losic biomass. Using this methodology, cellulose-based bioplas-
tics from wastes of various edible vegetables and cereals (parsley
and spinach stems, cocoa pod husks, and rice hulls) with diverse
bioorigins, were prepared without requirement the of cellulose
regeneration.

SEM images (Fig. 7.4) show different morphologies for all cere-
als thin films. For parsley and rice samples (Fig. 7. 4a and b) small
islands of inorganic aggregates are detected, while for spinach
(Fig. 7.4c) film self-assembled embedded crystallites are evident.
The new biopolymers exhibit broadly tunable-mechanical prop-
erties that are dependent on the biosource.

Bioplastic films, in comparison with commonly engineering
polymers (Fig. 7.5), such as, PP, PE, polyester, elastomers (eg, sili-
cone and PU elastomers), starch-based polymers, starch-polymer
blends, and biodegradable polyesters (eg, PCL and PLA), have a
mechanical performance between synthetic polymers and bio-
polymers.

Fig. 7.5b presents a comparison of ultimate tensile strength
(UTS) versus Young's modulus. Amorphous neat cellulose films
exhibit high UTS at high Young's moduli comparable to PET, while
rice, spinach, and parsley biodegradable films have a similar be-
havior to elastomers and some thermoplastics, such as, LDPE.
Bioplastics produced from cocoa-pod husk are comparable with
petroleum-based thermoplastics, for instance, HDPE, and PP. The
production of biopolymers with properties among those of PP
and PET is also feasible. For example, blending microcrystalline
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{b] ultimate tensile strength versus Young's modulus data. From Bayer et al. {2014).

cellulose with spinach produces new materials with properties
ranging between both components. This demonstrates that an
extensive variety of materials with specific mechanical properties
can be developed, by blending vegetable waste bioplastics that,
most of the time, cannot be accomplished by solution- or even
thermoform blending of conventional polymers, owing to its in-
compatibility.

Macedo et al. (2015) investigated the transformation of differ-
ent agro-wastes, such as, raw parsley, carrot, and cabbage, by us-
ing TFA as a solvent to obtain biodegradable materials (I'ig. 7.6).

Concerning the lignin component of the bioplastics, the FTIR
spectra of the derived plastics from the earlier mentioned agro-
wastes, indicatesthe existence of characteristic lignin bands inall cas-
es, as shown in FFig. 7.7. The signal at 1740 cm ! is attributed to C=0
stretching of acetyl or carboxylic acid, which are also present in the
structure of lignin (Dong et al., 2009). The signals at 1610-1595 cm™
are attributed to the C—C aromatic stretching bands that are com-
mon to lignin. The peak that appears at 1465 cm ' can be attributed

Figure 7.6. Biopolymer film production from raw of parsiey wastes.
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Figure 7.7. FTIR spectra of bioplastics after TFA digestion. From Macedo et al. (2015),

to the asymmetric bending of lignin CH, bonds. The results demon-
strate that TFA can partially dissociate or break down lignin, which
can be dispersed into the bioplastic matrix in its new forms.

The mechanical properties of the produced bioplastics were
comparable to many synthetic polymers, in view of the substitu-
tion part of the latter, with degradable bioplastics having match-
ing properties.

All of the earlier results indicate that agro-wastes rich in cel-
lulose can be transformed into bioplastics by simply aging them
in TFA solutions regardless of their bioorigin. Nevertheless, de-
pending on the plant species, biopolymers were found to display
diverse mechanical properties, ranging from brittle and rigid to
soft and stretchable. Blending these vegetable waste solutions
with TFA solutions of pure cellulose, all-natural plasticization of
amorphous cellulose is achieved. These new bioplastics can re-
place many nondegradable plastics, preserving the environment.

Even though TFA demonstrated promising results, organic
salts so-called ionicliquids (1Ls), have received attention as prom-
ising green solvents for lignocellulose pretreatment or fraction-
ation. If these solvents are efficiently recycled, the overall waste
production of the process decreases, making this a green feature.
However, some ILs are still synthesized using conventional or-
ganic solvents, which detracts from their overall green chemistry
value. This is an issue that needs to be addressed in research. The
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Table 7.2 Solubility of Cellulose in Different
lonic Liquids (ILs) Using Conventional Heating or

[BMIMICI
[BMIMICI
[CeMIM]CI
[CBMIMICI
[BMIMICI

[BMINIBr

[BMIMISCN
{BIIMIPF4

[BMIMIPFE

From Swatloskiet al. {2002).

Microwave Irradiation

ating Method
Heating &t 100°C 10%
Heating at 70°C 3%
Heating at 80°C and sonication 5%
Heating at 100°C 5%
Heating at 100°C Paor
Microwave irradiation with pulsas 25%
of 3-5bs
Microwave irradiation 57%
Microwave irradiation 5-7%
Microwave irradiation None
Microwave irradiation None

study by Swatloski et al. (2002) can be seen as a cornerstone for
the dissolution of cellulose by ILs. They demonstrated that cel-
lulose (Table 7.2) could be dissolved at high concentrations in
imidazolium-based ILs.

Swatloski et al. (2002} suggested that the major contributor
for the solubility of cellulose in 1-butyl-3-methyl-imidazolium
chloride ([BMIM]CI) over conventional solvents is the high chlo-
ride concentration that allows rapid and efficient dissolution, by
breaking the prevailing hydrogen-bond network. When the length
of the alkyl chain increases from C6 to C8, as in [C6MIMICI and
[CBMIM|CI, the solubility of cellulose decreased.

Most of the research studies covered in this chapter are con-
centrated purely on the synthesis of cellulose from plants using
ILs. The first study on cellulose dissolution in [Ls was published
by Swatloski et al. (2002). 1Ls based on BMIM cation with diverse
anions was tested as a suitable solvent for cellulose. The results
showed higher efficiency of cellulose dissolution when chloride
anion was present when compared with noncoordinating anions.
Other studies regarding the solubility of cellulose using ILs, such
[BMIM]CI containing halide counter ions or even counter anions,
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such as, acetate, formate, and acetate, have been described in the
literature (Swatloski et al., 2002; Gericke et al., 2012). However, ILs
containing halide counter anions present some drawbacks associ-
ated with their high viscosity, which reduces cellulose dissolution.
Contrarily, ILs liquids with other anions, such as, phosphate, ace-
tate, and formate show reduced viscosity compared to the former,
which makes them more suitable to be used in several applica-
tions (Gericke et al., 2012).

Nowadays, commercial cellulose is produced using 1-ethyl-
3-methylimidazolium acetate ((EMIM]OAC) IL, which exhibits re-
duced viscosity and enhanced cellulose dissolution capability. In
several studies published on ILs, it was assumed that the anion
used has a crucial role, being responsible for the cellulose dissolu-
tion, while the cation has.a minor role. Nevertheless, other stud-
ies have demonstrated that the dissolution process is affected by
both, the anion and carion structure. Accordingly, acidic protons
present in the heterocyclic rings enhance the solubility consid-
erably, which is explained by the formation of hydrogen bonds
with cellulose, through its hydroxyl and ether oxygens (Andanson
et al., 2014). Although ({[EMIM]OAc) IL exhibited a solubility of
23 g mol”’ at 40°C, modifying its structure to 1-methoxyethyl-
3-methylimidazolium resulted in a substantial decrease of the sol-
ubility (8 gmol™') at the same temperature. Currently, cellulose sol-
ubility has reached 14.5 wt.% using 1-allyl-3-methylimidazolium
chloride at a temperature of 80°C (Zhang ¢t al., 2005) and 16 wt.%
applying 1-ethyl-3-methylimidazolium acetate IL at 90°C (Zavrel
et al., 2009). However, the solubility can be improved till 25 wt.%
by microwave heating. All these studies demonstrate that the ef-
fective cellulose dissolution using ionic liquids depends on both,
thatis, ILs should comprise cations including resilient acidic pro-
tons without atoms with high electronegativity and anions with
resilient-hydrogen bond acceptability.

Wang et al. (2011) dedicated their study to the cellulose extrac-
tion from pine, poplar, Chinese parasol, and catalpa wood chips in
an ionic liquid 1-allyl-3-methylimidazolium chloride (([AMIM]CI).
The results show that pine is the most suitable wood species for cel-
lulose extraction with ILs, and the extraction rate reached 62% un-
der optimized conditions and its cellulose content was 85% when
DMSO/water was used as the precipitant (Wang et al., 2011). Teck
Nam et al. (2011) studied the efficiency of ionic liquids in the disso-
lution of rice husk. They noticed that the ILs that dissolved cellulose
provided an option to pretreat lignocellulosic biomass. The ionic
liquids 1-ethyl-3-methylimidazolium diethyl phosphate ([EMIM]
DEP), [BMIM]CI, and [EMIM]OAc, were able to dissolve rice husk
cellulose to varying extends, with the highest dissolution (36.7%)
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Figure 7.8. Cellulose (and other products) extracted from different food agro-
residues: raw products of carrot, parsley, and cabbage. From Maceds et al {2015},

given by [EMIM]OACc. It was observed that the regenerated cellulose
was more amorphous when compared to untreated-rice husk.

Abushammala etal. (2015) reported the direct extraction of cel-
lulose nanocrystals from wood by means of a [EMIM]OAc treat-
ment. A native cellulosic product was recovered with 44% yield
with respect to wood cellulose content. A cosolvent, DMSQ, was
also included to increase cellulose dissolution. It was demonstrat-
ed that the addition of an organic solvent increases the potential of
the IL, reducing the time necessary for dissolution, independently
of the used temperature (Andanson et al., 2014; Ries et al., 2014).
Owing to the capabilities demonstrated by ILs to dissolve cellu-
lose, several 1Ls have been studied not only to dissolve the cellu-
lose but also to functionalize it.

As mentioned, ILs are used to make cellulose prone to hydro-
lysis (FitzPatrick et al., 2010), however, with exception of Macedo
etal. {2015) no one has attempted to obtain biopolymers from lig-
nocellulosic biomass from food agro-wastes through ILs reaction
as illustrated in Fig. 7.8.

According SEM micrographs (Fig. 7.9), it is possible to observe
the existence of different shapes and size distribution of the cellu-
lose microfibers. Regarding Fig. 7.9b and d, cellulosic microfibers
are clearly composed by multiple fibers. These results indicate
that cellulose was successfully extracted from both, raw of carrot,
parsley using [BMIMICI ionic liquid (Macedo et al.. 2015), even
though some contamination is caused by the ionic liquid induc-
ing some agglomeration of the microfibers.

5 Cellulose Modification

5.1 Preparation of Blends of Cellulose and
Biodegradable Polymers

As stated before, the most abundant biomacromolecule, cel-
lulose, has attracted considerable attention in recent years due to
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Figure 7.9. SEM micrographs of cellulose (and other products) extracted from (a)
and (b) raw of carrot and (c,d) raw of parsley.

its biodegradability, biocompatibility, and renewable properties
(Meng et al., 2009). Several studies reported the addition of cellu-
lose into a biodegradable polymer matrix as a way to improve the
final properties of the developed material. The most pronounced
effect of this consists of the reduction of water vapor permeability,
but also several mechanical properties, like tensile strength and
Young's modulus, were significantly affected, mainly the elon-
gation at break. Dias et al. (2011), observed that the addition of
cellulose fibers were well covered in the plasticized starch-poly-
mer matrix, which is attributed to the chemical resemblance be-
tween starch and natural fibers that provides a strong interaction
(Avérous et al., 2001). The effect of the incorporation of cellulose
fibers on the water permeability of starch films is related to the
highly crystalline and hydrophobic character of the fibers. The ad-
dition of cellulose fibers decreases the water vapor transmission
by increasing the diffusion path length through the film. However,
this effect can be reversed by the addition of excess fiber, causing
congregation (Dias et al., 2011). Miller et al. (2009) also found re-
inforcement of starch films lowered water vapor permeability af-
ter incorporatian of cellulose fibers. Also, application of carboxy-
methyl cellulose (CMC) in starch-based films showed a decrease
of the water vapor permeability with increasing CMC content
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(Ghanbarzadeh et al., 2011), Gaspar et al. (2005) also tested the
effect of different natural additives, such as, cellulose and hemi-
cellulose, on the water resistance of a starch-based film (70% corn
starch and 30% glycerol). Hemicellulose filled starch-based film
showed better tensile strength and modulus than the pure film,
but elongation of all four filled films was lower than the pure TPS.
Water resistance of cellulose and hemicellulose films was better
than pure TPS (Sanchez-Garcia et al., 2008). Authors have stud-
ied the effect of cellulose fibers in PHBV films. Water permeability
decreased by 52% for 10 wt.% [iber content and by 71% for 1 wt.%
fiber content. Petersson and Oksman (2006} devoted their work
to the incorporation of microcrystalline cellulose. The results
showed no reduction in the oxygen permeability of PLA. Con-
versely, Sanchez-Garcia and Lagaron (2010} found a 90% oxygen-
permeability reduction for PLA after addition of 1, 2, 3, or 5 wt.%
cellulose nanowhiskers. Thus, several studies on cellulose-based
films showed that they could be used as an alternative for packag-
ing several food products. Popa and Belc (2007) stated that paper
and board, based on cellulose, are the most widely used renew-
able packaging materials nowadays.

Similarly, a lot of cellulose derivatives are produced commer-
cially, on which cellulose acetate (CA) is the most commonly used
for food packaging (fresh produce, baked goods). Makino and
Hirata (1997}, found that a laminate of chitosan—cellulose and PCL
had a similar film permeability as LDPE, which makes this lami-
nate a possible material for packaging for fresh produce. Popa and
Belc (2007) found that ceating of cellophane with nitrocellulose or
PVDC (polyvinylidine chloride) improved barrier properties and
this film could be used for packaging of candies, processed meat,
cheese, and baked goods. Furthernmore, Rhim and Kim (2009)
stated that paperboard coated with PLA could be used as a substi-
tute for PE-coated paperboard in the manufacture of paper cups
or containers for high moisture foods (beverage cartons and ice
cream containers).

Although many studies reported the development of cellulose
derivatives and their potential applications, more research is re-
quired to explore more environmentally friendly methodologies
to extract cellulose from renewable sources and to overcome the
inherent difficulty in the modification of its properties associated
with the reduced availability of common solvents to dissolve cel-
lulose (Swatloski et al., 2003). Traditional cellulose-dissolution
processes are often expensive and require the use of unusual sol-
vents, typically with high ionic strength and relatively harsh con-
ditions (Wu et al, 20684). Moreover, these processes sometimes
cause severe environmental problems because they cannot be
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recovered and reused (Zhang et al.,, 2005). In recent years, the ra-
tional green-comprehensive utilization of cellulose resources has
received great attention (Shengdong et al., 2005). The common
methodologies used for cellulose extraction and dissclution pro-
cesses are fronting challenges due to energy and environmental
problems (Shengdong et al., 2005; Zhu et al., 2005). Therefore, to
make cellulose resources useful, it is necessary to develop green
cellulose extraction, suitable cellulose dissolution approaches,
and novel modification methodologies.

5.2 Cellulose Modification Using lonic Liquids

Cellulose-based materials are currently a large renewable
resource to reduce society’s dependence on nonrenewable
petroleum-based feedstocks (Zhu et al., 2006a). Therefore, to im-
prove the properties of biodegradable/biobased materials, the ad-
dition of cellulose has been the focus of many research studies.
The most investigated effect was the development of plastics with
lower water vapor permeability, as well as, the enhancement of
mechanical properties of the industrialized materials.

Homogeneous-cellulose derivatizations have been suc-
cessfully obtained by using common solvent systems, such as
reaction media, which are used to process cellulose at an indus-
trial scale (Barthel and Heinze, 2006; Heinze et al,, 2005; K&hler
et al., 2008; Edgar et al.,, 1995; Liebert and Heinze, 2001; Heinze
and Schaller, 2000; Regiani et al., 1999). However, due to their tox-
icity, together with the partial recovery, they have limited the use
of conventional solvents for this purpose. Owing to their com-
plex structure, to use cellulose as a green material, many research
efforts have been made (Zhu et al., 2006h). As previously men-
tioned, cellulose can be dissolved in ILs and it can be easily also
be regenerated from them. Because they are chemically and ther-
mally stable, nonflaimmable, and have low vapor pressure, they
are called green solvents. This has been providing a new platform
for the green-comprehensive utilization of cellulose resources.
Thus, the dissolution of cellulose with ILs is reviewed.

Besides cellulose dissolution, TLs can also be used for cellulose
functionalization and its chemical maodification. Though specific
attention has been given to the acetylation of cellulose due to its
wide variety of applications, other functionalizations to produce
other cellulose derivatives (cellulose butyrate, cellulose phthal-
ate, and cellulose benzoate) have been performed (Liuet al., 2007;
Zhang et al., 2009; Schenzel et al., 2014).

In addition to esterification and etherilication reactions, cel-
lulose derivatization with various functional groups, including
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Figure 7.10. Chemical modifications of cellulose using ILs, From Isik et al {2614),

amines, silylates, sulfonates, sulfates, and carbanilates has been
also effectively accomplished by modification of cellulose hydrox-
yl groups (Fig. 7.10) (Erdmenger et al., 2007; Kéhler et al., 2008;
Liebert et al., 2006; Song et al., 2008). Tome et al. (2011) used te
tradecyltrihexylphosphoniumbis{trifluoromethylsulfonyl)imide
([TDTHP][NTE,]) to solubilize and functionalize cellulose with
anhydrides. Using this IL, they were able to catalyze the esterifi-
cation reaction. As a result, depending on the anhydride applied
in the modification process the grafted fibers showed greater sur-
face hydrophobicity. Moreover, the grafted-fibers characterization
demonstrated that the esterification occurs at the fibers’ periph-
eral layers, corroborating that the ultrastructure was not affected
during the process.

5.3 Cellulose Maodification Using by Grafting via
Controlled Living Radical Polymerization

Another fascinating way to modify cellulose consists in the
grafting of polymers by branching into cellulose, in order to impart
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new properties, retaining its intrinsic properties (Semsarilar
et al., 2010). Grafting reactions of cellulose and its derivatives
has been widely studied to develop new materials, allowing the
combination of properties of one or more polymers in one new
material. Thus, it is possible to attain properties, such as, temper-
ature responsiveness (Chauhan et al., 2000), hydrophobicity and
oleophobicity, flexibility (Guo et al., 2013), sorbancy (Chauhan
et al, 2000; Gupta and Khandekar, 2003; Waly et al., 1998;
El-Salmawi et al., 2001), ion-exchange capability (Waly et al., 1998),
and polarization (O-Rak et al., 2013). These materials are promis-
ing candidates to replace the conventional petroleum-based ma-
terials that are currently available in the market. Some examples
of their applications include their use in drug delivery, as sorption
agents, in coatings, and in. membranes (Nishio, 2006).

Several methodologies are used for graft copolymerization
of several monomers on the cellulose backbone, including free
radical polymerization (ROP), nitroxide-mediated polymeriza-
tion, reversible addition-fragmentation chain transfer (RAFT)
polymerization, and atom transfer radical polymerization (ATRP)
(Meng et al., 2009).

Cellulose was chemically modified by ROP. Usually, cyclicmono-
mers (eg, epoxides, lactones, and anhydrides) are used along with
cellulose, which are dissolved in an appropriate IL. The hydroxyl
groups of cellulose are subsequently used to accomplish ROP of
the monomers to graft polymers onto the cellulose polymer chains
(Guo et al.,, 2013). Iufendiek er al. (2014) converted cellulose into
a macro-RAFT agent in [BMIMI|CI. Cellulose-g-polyacrylamide
copolymers with temperature-responsive properties was pre-
pared using the previous marco-RAFT and polyacrylamide. ATRP
was also used to graft, by polymerization of vinyl monomers onto
cellulose and cellulose derivatives in a living/controllable way.
Synthesis of cellulose-based graft copolymers by ATRP has been
carried out in either heterogeneous- or homogenous-reaction
medium. The heterogeneous ATRP was mainly used for surface
modification of solid-cellulose materials, such as, paper or film
(Carlmark and Malmstrom, 2002; Lindgvist and Malmstrém, 2006;
Lee et al., 2004; Nystrom et al., 2006), fibers (Carlmark and Malm-
strém, 2003; Plackett et al.,, 2005), and particles (Lindqvist and
Malmstrom, 2006; Coskun and Temiiz, 2005). The homogenous re-
actions, graft polymerization via ATRE were mostly performed on
cellulose derivatives (Chang et al.,, 2008; Shen and Huang, 2004),
suchas CA (Vicek etal., 2006), ethyl cellulose (EC) (Tang et al., 2007),
and hydroxypropyl cellulose (HPC) (Ostmark et al., 2007). Howev-
er, a few studies were also found on homogeneous graft polymer-
ization via ATRP on underivatized cellulose backbone without any
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protection of the reactive groups. Direct grafting of polymers, for
example, synthetic ones, on the underivatized-cellulose backbone,
in a homogenous reaction medium, is expected to generate a new
kind of polymer that combines the advantages of natural- and
synthetic-polymers properties. Graft polymerization via ATRP in
homogenous reaction media requires the synthesis of macroini-
tiator based on cellulose. Nevertheless, for underivatized cellulose
this has been restricted by the lack of effective solvents. Bontempo
et al. (2006) have reported a versatile ATRP method for polysaccha-
ride grafting, in homogeneous conditions, without using protect-
ing group chemistry. N,N-dimethylformamide (DMF) was used as
a reaction medium for the synthesis of polysaccharide-based mac-
roinitiators and water/DMF mixtures with different compositions
as the polymerization medium for ATRP. However, this method
cannot be directly applied for underivatized cellulose because it
is insoluble in this solvent system and other common solvents. Wu
et al. (2004) found out that the IL, [AMIM]CI, at room tempera-
ture, was a powerful nonderivatizing solvent for cellulose and it
was found as a desirable medium for the cellulose acylation. Meng
et al. (2009) synthesized a macroinitiator, cellulose 2-bromoiso-
butyrylate, through homogeneous acylation of underivatized cel-
lulose with 2-bromoisobutyryl bromide in ionic liquid [AMIM]CL
Then, the cellulose-based macroinitiators were used for graft co-
polymerization of methyl methacrylate (MMA) and styrene.
Morphological studies of cellulose-g-PMMA copolymer
(Fig. 7.11) show that the average diameters of sphere-like par-
ticulates were roughly 50 nm. Using this new method for graft
madification of cellulose directly onto its backbone under a ho-
mogeneous condition has been successfully carried out. The

Figure 7.11. TEM pictures for cellulose-g-PMMA. From Meng et al (2009
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macroinitiator for ATRP was synthesized by direct homogenous
acylation of cellulose in [AMIM]|CL

Moreover, RAFT polymerization has been employed to pre-
pare cellulose-g-copalymers using (soluble) cellulose derivatives
(eg, hydroxyisopropylcellulose and ethyl hydroxylethyl cellulose),
which are commercially available, for subsequent modification
with variable polymer side chains [eg, PS, poly(vinyl acetate),
poly(ethyl acrylate), PNIPAM, polyacrylamide] using RAFT po-
lymerization (Stenzel et al., 2003; Herndandez-Guerrero et al., 2005;
Fleet et al., 2008; Hiltunen et al., 2009).

Recently Hufendiek et al. (2014) synthesized well-defined tem-
perature responsive cellulose-g-polyacrylamide copolymers in a
grafting RAFT approach in an IL (Scheme 7.2).

The method of synthesis of cellulose-g-polyacrylamides, em-
ploying RAFT polymerization, takes place in a controlled fash-
ion and may be transferred to the synthesis of a variety of other
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Scheme 7.2. Synthetic pathway tor cellulose-g-polyacrylamide copolymers
via RAFT-polymerization. DBU, 1,8-Diazabicycloundec-7-ene; AIBN,
Azobisisobutyronitrite; PNIPAM, Poly(N-isopropylacrylamide); €S2, Carbon
disulfide; Et3N, Triethylamine. From Hufendiek et al. (2014),
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cellulose-g-copolymers. The result provides a benign and efficient
access route to produce cellulose-hybrid materials, introducing a
synthetic-platform technology that may be exploited for the em-
ployment of cellulose materials in applications where a stimuli-
response is of importance.

These new copolymers developed using different routes are at
this time new candidates for a wide field of applications, such as
drug delivery. Moreover, from the mentioned examples, the disso-
lution of cellulose with an IL in moderate conditions enables the
accomplishment of homogeneous reactions, resulting in differ-
ent materials with several properties, applying a green-chemistry
methodology.

Agriculture crops have been used as alternative sources of bio-
degradable polymers, but the agricultural potential of Earth is lim-
ited, therefore, attention is necessary to avoid competition with
food crops. In this context, agro-food waste industry appears as
a sustainable and continuous source of bioplastics. Nevertheless,
there no scientific investigation reporting the extraction of cellu-
lose from agro-wastes using ILs and the further chemical modifi-
cation by grafting via CRP in ILs extraction mediums to achieve
cellulose biopolymers.

Cellulose fibers have been much explored as a reinforcing
material in biopolymer-based matrix material, such as PLA
(Siqueira et al., 2010). The challenge lies in dispersing these fibers
uniformly in the PLA matrix. However, due to the presence of hy-
droxyl groups on their surface, cellulose fibers have the tendency
to stick together or agglomerate resulting in crack formation and
failure of the composite. To overcome this issue, some scientific
research has been made using variations of the dispersion meth-
ods (Eichhorn et al., 2010). Several methodologies have been ex-
plored to improve the cellulose fibers-dispersion mechanism,
including the use of surfactants (Oksman et al., 2006), acetylation
(Braun and Dorgan, 2009), silylation (Pei et al., 2010), and grafting
(Pracella et al., 2010).

Recently, cellulose extracted from food agro-wastes was graft-
ed into PLA as the base matrix via esterification reaction, accord-
ing to Scheme 7.3.

SEM images were used to analyze the bulk morphology of the
developed bioplastics (Fig. 7.12). Cellulose-g-PLA from raw of
parsley and cellulose-g-PLA of carrot have a heterogeneous bulk
structure, whereas films have some cracks in the bulk, indicating a
highly brittle material in both cases. Nevertheless, it is possible to
observe that the fibers of parsley and raw of carrot residues are
entangled in a PLA matrix. In addition, a noncompact structure
can be observed, suggesting that the reactions were not complete.
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Scheme 7.3. Esterification reaction between cellulose extracted from food agro-wastes and polylactic acid (PLA).
DCC, N,N*-Dicyclohexylcarbodiimide; DMAP, N, N-Dimethylpyridin-4-amine. From Macedo et al. {2015,

Figure 7.12. SEM micrographs resulting from the esterification reaction between
cellulose extracted from (a, b) raw of parsley (c, d) raw of carrot and PLA. From
Macedo et al. (2015].

Thus, even the similarity among both films, depending on
the batch of waste used, different forms of self-assembled crystal
structures emerged, similar to the naturally synthesized minerals
of plant leaves (Ball, 2012).

‘Moreover, the samples prepared by transesterification-reaction
polymerization show differences in biodegradability behavior,
cellulose-g-PLA from raw of carrot being the more biodegradable
sample (Fig. 7.13).
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Figure 7.13. Biodegradability of food agro-waste residues according to IS0
14851(1999).

6 Conclusions

This chapter focused on the cellulose derived from food
agro-wastes dissolution, using ILs to build up a new platform
to get green cellulose and to improve the cellulose-bioplas-
tics properties, by grafting via CRP in TFA and ILs extraction
mediums. It is possible to adapt the chemistry, by the right
selection of the IL and the cellulose resource from food agro-
wastes, as well as, the synthesis parameters to use CRP meth-
odologies for (1) innovation in production from lignocellulosic
materials and reduce society’s dependence on nonrenewable
petroleum-based feed-stocks, in order to solve the environ-
mental and energy issues keeping social sustainable devel-
opments; and (2) providing the possibility to develop various
advanced materials, including cellulose derivatives and new
cellulose composites, to replace conventional polymers with
a slow biodegradation rate, mainly for products with short life
times, as food packaging.

There is no doubt that the examples presented in this chapter
are only some illustrations of the huge potential of the synthesis
of cellulose bioplastics by a direct digesting and valorization of
vegetable agro-wastes, including its regeneration and tailoring of
properties by chemical modification.
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