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Abstract The development of high-performance materials made from natural
resources is increasing worldwide. Within this framework, natural fiber reinforced
polymeric composites now experience great expansion and applications in many
fields, ranging from the automotive to the construction sector. The great challenge
in producing composites containing natural fibers and with controlled features is
connected to the great variation in properties and characteristics of fibers. The
quality of the natural fibers is largely determined by the efficiency of the treatment
process and can dramatically influence the properties of the final composites. The
overall fiber extraction processes, applied to vegetable fibers, is called retting and
consists in the separation of fiber bundles from the cuticularized epidermis and the
woody core cells. Today, many efforts are being made to optimize the retting
methods in terms of fiber quality production, reduction of environmental issues and
production costs. This chapter aims to provide a classification and an overview of
the retting procedures that have been developed during years and are applied to
extract mainly bast fibers.
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1 Introduction

Increasing environmental concerns and depletion of petroleum resources are driving
energy and chemical industries to move from petrochemical to renewable resources.
As a major renewable resource, lignocellulosic fibers derived from structural plant
tissues will play an important role in this transition. Fiber crops are the commodities
with the longest tradition among technical and nonfood agricultural products.
Actually, bio-fibers have gained popularity especially for the development of sus-
tainable materials, thanks to their great potential for use in composite materials for
applications in packaging, automotive, and other industries (Dicker et al. 2014;
Frollini et al. 2013, 2015; Miller 2013), especially as reinforcing fibers.

Up to now man-made fibers, such as glass, aramid, and carbon fibers were the
predominant reinforcing fibers for polymers, but they feature environmental
problems both during the production and disposal processes. Natural fibers, instead,
have many remarkable advantages over the synthetic ones, such as lightweight, low
cost, and biodegradability. However, at present, the offer of natural fibers does not
fulfill industrial demand. In fact, the intensive cultivation of some fiber crops, such
as hemp, flax, kenaf, and jute has increased, while stalk processing, for the
extraction of fibers, relies on the traditional methods. Natural fibers from fiber
crops, as a commodity, are facing competition on two sides: synthetic fibers on the
consumer’s side, and more remunerative crops on the grower’s side. In order to face
such dual challenges, the production of fiber crops must adopt a strategy based on
the agricultural and industrial research and development and market promotion of
both traditional and diversified fiber crops products (van Dam and Bos 2004). The
improvements in fiber processing techniques play a significant role in obtaining
fibers with enhanced standardized quality, capable to match the high performances
required in composite materials but also in what concerns control and a lower
environmental impact in terms of energy and water waste and consumption. The
present essay will provide an overview of the traditional and new emerging fiber
extraction processing techniques, which are known as retting or degumming and
which involve the extraction of fibers or fiber bundles from harvested stems.
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Moreover, the effect of these treatments on the performance of the resulting natural
fibers in the composite application is addressed.

2 Plant Fibers as Renewable Resources for Polymer
Composites

The species producing fibers of commercial relevance are mainly jute, flax, ramie,
hemp, and kenaf, because they are much stronger than other fibers; they are also
referred to, usually, as bast fibers. Plant fibers are classified by the part of the plant
from which they are obtained, such as leaf, seed, fruit, stem, and bast. As its name
implies, bast fibers are obtained from the outer layer of bast surrounding the plant
stem. Since the bast fiber task is to act as reinforcement within the plant and to
provide stability, they supply a good reinforcement in composite materials. Leaf
fibers are reported to impart improved toughness in composites and the insertion of
seed or fruit fibers gives elastomeric type properties to the component under con-
sideration. Figure 1 lists the classification of plant fibers and Table 1 reports the
main bast fibers along with their cultivation area and production capacities.

Bast fibers develop as bundles of cells embedded within other tissues in the
stem. The process of separation and extraction of fibers from the nonfibrous tissues
and woody part of the stem through separation, dissolution, and decomposition of
pectins, gums, and other mucilaginous substances is called retting (Pallesen 1996;
Dasgupta et al. 1976). The quality of the fiber is largely determined by the effi-
ciency of the retting process, which relies on the breakdown of pectic materials
through which fibers are liberated. Knowing the physical and chemical structure of
plants is really crucial in designing fiber processing since these factors affect the

Fig. 1 Classification of plant natural fibers according to which part of the plant they are obtained
from
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quality of the final fibers. In general, bast fibers consist of cellulose, hemicellulose,
and lignin in various proportions. Other compounds, such as pectin, wax, minerals,
and water-soluble compounds, are present in addition to the main components.
Pectin serves as a glue to hold fibers together in bundles and bundles to nonfibrous
tissues. Hemicelluloses, pectin, and lignin act like a matrix, whereas cellulose acts
as reinforcement to the matrix contributing to the strength of the fiber (Thomas et al.
2011). In Fig. 2 major bast fibers and the most common leaf, seed, fruit, and grass
fibers are shown while their chemical composition is reported in Table 2.

The big disadvantage of natural fibers, as compared to synthetic ones, is that they
do not have the same consistency in composition and therefore in quality. This
inconsistency is due to a variety of reasons, such as climate, crop variety, retting
process, and processing equipment used for fibers (Thomsen et al. 2006). In natural
fibers, climatic conditions play an important role in fiber production. For example,
low temperature and high relative humidity during the growing season contribute to
fineness and length of fibers. The role of retting in obtaining high-quality stan-
dardized fibers is crucial and research and development are heading toward the
industrialization of treatment processes.

Table 1 Cultivation area and production capacity of commercial important bast fibers and of the
principal leaf, seed, fruit, and grass fibers (Yan et al. 2014; Faruk et al. 2012)

Fiber Botanical name Main producer
countries

Production capacities
per year (106 t)

Bast Jute Corchorus capsularis,
Corchorus olitorius

India
Bangladesh

2.5

Kenaf Hibiscus cannabinus China
India
Thailand

0.45

Flaxa Linus usatissimum China
Europe

0.5–1.5

Ramie Boehmeria nivea China 0.15

Hemp Cannabis sativa L. China
Europe

0.10

Leaf Sisal Agave sisalana Brazil
China
Tanzania

0.30

Seed Cotton Gossypium sp. China
USA
India
Pakistan

25

Fruit Coconut Cocus nucifera India
Sri Lanka

0.45

Grass Bamboo Bambusa vulguaris China 30
aThe real production of flax is understimated because it does not take into consideration the
production of Canada
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3 The Retting Techniques

The retting process, also known as degumming, involves the extraction of fiber
bundles from the harvested stem. To date, several retting methods are applied; the
most traditional, still widely used approaches, i.e., water retting and dew retting
(Tamburini et al. 2004) are based on the microbiological retting. Other approaches

Fig. 2 Common bast fibers

Table 2 Chemical composition of major bast fibers and of the most common leaf, seed, fruit, and
grass fibers (Gurunathan et al. 2015; Faruk et al. 2012; Wang et al. 2010)

Fiber Cellulose
(wt%)

Hemicellulose
(wt%)

Lignin
(wt%)

Pectin
(wt%)

Water
soluble (wt
%)

Wax
(wt%)

Bast Hemp 70.2–74.4 17.9–22.4 3.7–5.7 0.9 2.1 0.8

Jute 61–71.5 13.6–20.4 12–13 0.2 1.2 0.5

Flax 71–78 18.6–20.6 2.2 2.3 3.9–10.5 1.7

Kenaf 45–57 21.5–23 8–13 3–5 – –

Ramie 68.6–76.2 13.1–16.7 0.6–0.7 1.9 6.1 0.3

Leaf Sisal 67–78 10–14 8–11 10 1.3 2

Seed Cotton 85–90 5.70 0.7–1.6 0–1 1.0 0.6

Fruit Coconut 36–43 0.15–0.25 41–45 3–4 5.2–16.0 –

Grass Bamboo 26–73.8 12.5–30 10.2–31 0.4 3.2 –
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involve mechanical, physical, chemical, and enzymatic retting. The latter is very
promising but not yet practiced on an industrial scale. Figure 3 shows a rational-
ization of all the retting treatments.

3.1 Microbiological Retting

Microbiological retting is a traditional and highly widespread retting method. Two
different types of microbiological retting are mainly adopted: dew and water retting.
Both of them are carried out by pectin enzymes secreted by indigenous microflora.

3.1.1 Dew Retting

In dew retting, also called field retting, harvested plants are thinly spread out for
2–10 weeks in fields (Fig. 4). During this period, microorganisms, mainly fila-
mentous fungi or aerobic bacteria present in soil and on plants, attack noncellulosic
cell types, removing pectins, and hemicelluloses from parenchyma cells and the
middle lamellae, without attacking cellulose fibers. In this process, the colonizing
fungi possess a high level of pectinase activity and the capacity to penetrate the
cuticular surface of the stem: thus, fiber bundles come out separated into smaller
bundles and individual fibers. Several fungal species and bacteria have been iso-
lated from dew retted plants: Cladosporium sp., Penicillium sp., Aspergillus and
Rhodotorula sp. (Ribeiro et al. 2015; Fogarty et al. 1972; Ahmed and Akhter 2001).
During flax dew retting, other fungi were isolated, such as Cladosporium her-
barum, Epicoccum nigrum, Alternaria alternate, Fusarium sp., Aureobasidium
pullulans, Phoma sp., Mucor sp., Rhizomucor pusillus, and Rhizopus oryzae
(Akin et al. 1998; Henriksson et al. 1997; Sharma 1986; Xiao et al. 2008;

Fig. 3 Retting techniques
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Molina et al. 2001; Booth et al. 2004). For more lignified fibers different enzymes
are needed and often a mechanical step is added to separate the fibers (Ribeiro et al.
2015).

Currently, dew retting is the most used process for the industrial production of
bast fibers, mainly flax and jute, because of its low cost (Bacci et al. 2010).
Unfortunately, the method is limited to geographic regions, where the weather is
suitable for fungi proliferation. Moreover, often low and inconsistent fiber quality is
produced as compared to other methods, such as water retting. Risks of under
retting and over retting are also reported: they may cause difficulties in separation or
weaken the fiber (Jankauskiene et al. 2015). For example, cellulotyc enzymes
secreted by the microbiota can damage the fibers if exposition lasts too long.
Therefore, it is necessary to monitor the retting process to ensure the quality of the
fibers. Occupation of lands for several weeks during retting and the presence of a
product contaminated with soil and fungi are other drawbacks affecting this
treatment.

As far as artificial dew retting is concerned, during the last few years, the
employment of fungi in a more controlled environment for the extraction of natural
fibers is being investigated. The controlled parameters involve the type of fungi,
temperature, and period of treatment, in order to provide retting treatments with
lower costs, higher efficacy, and environmentally friendly alternatives (Pickering
et al. 2007a).

Among fungi, the white rot fungus (basidiomycetes) has been shown to be the
only one able to degrade noncellulosic compounds from natural fibers, thus
improving the mechanical properties of the resulting natural fiber reinforced
composites (Pickering et al. 2007a).

Fig. 4 Dew retting (Flax
composites 2014)
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Another recent study reports an enzymating enrichment of the dew retting
process through the use of customized enzymatic blends (Texazym® SER). Such
enzymes, developed by INOTEX, are sprayed on the field before pulling out or
within the first 3 days of dew retting. It was found out that this method can increase
flax long fiber yields by more than 40%. In this case, the enzymes in combination
with mild mechanical treatments can replace aggressive and energy-intensive
processing like Laroche cottonization (Antonov et al. 2007).

3.1.2 Water Retting

In water retting, quite widespread 50 years ago, straws are soaked in freshwater,
today in large tanks, while in the past rivers or ponds were used (Fig. 5). During
this treatment, that is carried out for a period of 7–14 days on most bast fiber crop
straws, water penetrates into the central stalk portion, by breaking the outermost
layer, and thus provoking an increased absorption of moisture and the development
of a pectinolytical bacterial community (Donaphy et al. 1990). The duration of the
treatment depends on the water type and temperature and on any bacterial inoculum
(Bismark et al. 2005). The first stage of the process consists in the growing of
aerobic microorganisms which consume most of the dissolved oxygen, ultimately
creating an environment favorable for the growth of anaerobs. In the aerobic phase
microorganisms belonging to the genus Bacillus, such as B. subtilis, B. polymyxa,
B. mesentericus, and B. macerans have been found to be active (Munshii and
Cathoo 2008; Ali 1958; Kapoor et al. 2001; Tamburini et al. 2003) while in the
anaerobic phase different microbiota, of the genus Clostridium, such as C. aceto-
butylicum, C. felsineum, C. aurantibutyricum, and C. tertium have been isolated
from retting water (Munshii and Cathoo 2008; Tamburini et al. 2003; Zheng et al.
2001; Di Candilo et al. 2000; Donaghy et al. 1990).

Water retting generally produces fibers with a higher quality than those produced
by dew retting (Amaducci and Gusovious 2010; van Sumere 1992), but the water

Fig. 5 Water retting of bast fibers (a) in river (Frontier Culture Museum of Virginia 2012), (b) in
tank (Retting the flax 2014)
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retting process impacts the environment due to the consumption and contamination
of large amounts of water (van Dam and Bos 2004) and energy (Van der Werf and
Turunen 2008). With freshwater resources becoming increasingly scarce, an
alternative or improvement in water retting will have to be foremost in dealing with
water scarcity and pollution reduction. Enzyme retting, for example, which will be
discussed in the next paragraph, has been evaluated as a replacement for current
retting methods. Moreover, Zhang et al. (2008a, b) have explored the possibility of
substituting freshwater with seawater, which is a natural resource considered to be
inexhaustible and abundant. They demonstrated that seawater retting treatments
yield good retting results and good pectinolytic strains belonging to S. maltophilia
species and O. antrophi species. Artificial water retting, employing warm water and
bacterial inoculum, has also been used to produce homogeneous and clean
high-quality fibers in 3–5 days (Bismark et al. 2005; Sisti et al. 2016).

3.2 Enzymatic Retting

A modification of water retting is the enzymatic treatment, also called bioscouring,
where degrading enzymes are directly added to tank water or in a bioreactor (Ouajai
and Shanks 2005). This technique has been demonstrated to be a promising
replacement for traditional retting methods in terms of time-saving, ecology
friendliness, and convenient characteristics. The duration of enzymatic retting
ranges from 8 to 24 h. The high energy input and nonreusability of enzymes are the
main concerns, which affect the cost-effectiveness of the process (Tahir et al. 2011).

Pectinases are the main enzymes employed for retting, in order to free the fibers
from other tissues. Today, with the advancement of biotechnological tools, pecti-
nases or pectinolytic enzymes are of significant importance thanks to their all
embracing applications, such as in fruit juice extraction and its clarification,
scouring of cotton, degumming of plant fibers, wastewater treatment, vegetable oil
extraction, tea and coffee fermentation, bleaching of paper, in poultry feed addi-
tives, and in the alcoholic beverages and food industries (Jayani et al. 2005).
Pectinolytic enzymes are a heterogeneous group of related enzymes that hydrolize
the pectic substances, mostly present in plants. They are widely distributed in
higher plants and microorganisms (Mohnen 2008), since they help in cell wall
extention and in softening some plant tissues during maturation and storage. They
also help maintain ecological balance by causing decomposition and recycling of
waste plant materials (Ridley et al. 2001). Plant pathogenity and spoilage of fruits
and vegetables by rotting are some other major manifestations of pectinolytic
enzymes. Pectinolytic enzymes, which are classified according to the main mech-
anism catalyzing the respective reactions, gather pectin esterase, polygalacturonase,
and pectin lyase. Evans et al. and Zhang et al. reported that polygalacturonase
activity plays a fundamental role during the retting process (Evans et al. 2002;
Zhang et al. 2000), but also pectate lyase has been shown to be potentially
important for retting bast plants (Akin et al. 2007; Bruhlmann et al. 2000).

Retting Process as a Pretreatment of Natural Fibers … 105



Polygalacturonase and pectate lyase are both depolymerizing enzymes for pectin.
Polygalacturonases are the pectinolytic enzymes that catalyze the hydrolytic
cleavage of the polygalacturonic acid chain (Jayani et al. 2005), while pectate lyase
carries out a non-hydrolitic breakdown of pectates and pectinases by a transelim-
ination split of the pectic polymer (Sakai et al. 1993).

Pectinases can be produced from bacteria (Dosanjh and Hoondal 1996; Kapoor
et al. 2001), yeast (Blanco et al. 1999), fungi (Singh et al. 1999), and actinomycetes
(Beg et al. 2000). Most commercial preparations of pectinases are produced from
fungal sources (Henriksson et al. 1997). Aspergillus niger is the most commonly
used fungal species in the industrial production of pectinolytic enzymes (Jayani
et al. 2005). Among bacteria sources, certain genera namely Bacillus,
Lactobacillus, Pediococcus, and Leuconostoc are known to be effective during the
fermentation process to produce pectinolytic enzymes (Kouhoundè et al. 2014).

Enzyme retting via the pectinases is capable of producing consistent high
strength renewable fibers with variable fineness values for use in novel resins
(Foulk et al. 2011). Some of the major commercialized enzymes are shown below.

Viscozyme® L, produced by Novozymes, is a multienzymatic solution con-
taining a wide range of carbohydrases, including arabase, cellulose, b-glucanase,
hemicellulose, and xylase. It has been tested by different authors in flax fiber
extraction (Bacci et al. 2010; Foulk et al. 2008; Akin et al. 2003; Adamsen et al.
2002; Evans et al. 2002).

Pectinex® Ultra SP-L, produced by Novozymes, is a highly active pectolytic
enzyme obtained by a selected strain of Aspergillus aculeatus that contains pec-
tolytic and a range of hemicellulolytic activities that can disintegrate plant cell walls
(Bacci et al. 2010).

Scourzyme® L has been developed by Novozymes for the bioscouring tech-
nique; it contains an alkaline pectate lyase, which degrades the pectin from the
primary cell wall of fibers without degrading the fiber itself (Oujai and Shanks
2005).

Flaxzyme®, a commercial enzyme mixture from Novo Nordisk, consists of
pectinases, hemicellulases, and cellulases and was developed specifically for
enzyme retting (Akin et al. 1999).

BioPrep® 3000 L was developed by Novozymes as the first commercially
available alkaline pectate lyase. It was isolated and produced for its unique ability to
degrade the pectin layer between the waxy cuticle and cellulosic fabric cotton
(Durden et al. 2001; Etters et al. 2001).

Texazyme® BFE was developed by Inotex for elementarization of bast fibers
through the degradation of pectin layers. It consists of a multicomponent product
without cellulase activity (Foulk et al. 2008).

For each enzyme, specific conditions are identified for employment in retting,
since the activity can change dramatically with pH, temperature, and enzyme
concentration. Moreover, chelators and surfactants are usually employed in for-
mulations to improve activity. For example, the role of Ca(II) chelators, such as
ethylenediaminetetracetic acid (EDTA), is well known (Akin et al. 2004) to
improve retting, particularly, in removing the epidermal/cuticle material from the
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fiber and fiber bundles. In fact, EDTA acts by destabilizing bridges between Ca(II)
and polygalacturonic acid, thus leading to the disruption of tissues.

Foulk et al. (2008) reported that, with a specific knowledge of the composition of
the enzyme mixture, enzyme retting could be used to tailor fibers/fiber bundles with
particular properties, such as strength and fineness, and for specific applications.
Strength, for example, which is a major concern in many applications, is preserved
by retting with relatively pure pectinase, either pectate lyase, or polygalacturonase.
However, a mixed enzyme preparation containing cellulase could be used for
advantageous applications where the fibers will be shortened, such as for paper/pulp
or injection molding. In fact, it has been found that enzyme formulations like
Viscozyme, containing cellulase as a component, can weaken the bast fibers, since
the nodes of the fibers are particularly sensitive to the attack by this enzyme (Foulk
et al. 2008). The final application, therefore determines the retting formulation.

3.3 Mechanical Retting

The mechanical extraction of fibers consists of various steps, as developed since
ancient times, mainly to recover hemp and flax fibers (Fig. 6). Today, this treatment
is a completely automated process but steps have not changed (Fig. 7): a first
separation is carried out by breaking, that is the stalks are passed between fluted
rollers to crush and break the woody core (shive) into short pieces (hurds); the
remaining fibers and hurds are subjected to scutching (traditionally performed with
boards and hammers), by which the fiber bundles are gripped between rubber belts
or chains and carried past revolving drums with projecting bars that beat the fiber
bundles, separating the hurds, and broken short fibers (tow) from the remaining
long fibers. Finally, in the hackling (realized in the past by pulling the fibers
through a set of pins) thick fibers are divided by passing the long fibers through a
series of combs of increasing fineness to clean and align the long fibers and separate
the remaining tow and debris. Interestingly, the modern mills maintain the integrity
of the long fibers, by disentangling and aligning the fibers, without destroying
length. Another process currently used to mechanically separate the fibers is called
decortication and can be performed by hammermilling or rollermilling
(Deyholos and Potter 2014). In the first case (Fig. 8), single or multiple concurrent
drums rotating with hammers projecting transversely from the drum surface beat the
straw until the separated hurd/shive and fiber particles can pass freely through some
meshes placed inside the machine. In the second case, (Fig. 9), long cylindrical
corrugated rollers are assembled in such orientations as to crack the straw stalks
while producing minimal damage to the fiber. The two processes differ in the pro
and con: if the hammermilling is characterized by higher throughput capability, the
rollermilling gives much greater length control, producing even very long fibers and
will better preserve the integrity of the fibers, without damages or entanglements.

The choice of the preferable mechanical retting depends on the type of the fiber,
its final application, type of ensuing treatments. Therefore, with these multiple
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Fig. 6 Traditional retting of hemp fibers: scutching (a and b frames) and hackling (c and
d frames) (Weald and Downland Open Air Museum 2016)

Fig. 7 Mechanical processing of fibers
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variables in mind, it is continuously under investigation. However, it is well known
that mechanical retting tends to disrupt the fiber cell wall structures, leading to
dislocations, kink bands, or nodes, which negatively affect the tensile mechanical
properties (Davies and Bruce 1998; Baley 2002, 2004) and could even impair the
composite performances (Huges et al. 2000; Hänninen et al. 2012). Although on the
one hand, it was established that the defect extent of the mechanical retting is
strongly related to the previous retting treatments (Van de Weyenberg et al. 2003),
on the other hand, some researchers found that the fibers can be decorticated
without significant damage and can be produced with high quality, even when no
pretreatments are carried out (Hobson et al. 2001; Gañán et al. 2008; Bacci et al.
2010; Kengkhetkit and Amornsakchai 2012).

These findings are important and noteworthy: indeed, the elimination of
pre-decortication enzymatic or microbiologic treatments should prove advanta-
geous in terms of market costs, as it would reduce the variability of fiber quality, the
uncertainties of production, and the amount of time necessary for the field to be
available for the next crop. Moreover, new decortication methods can be developed
in order to obtain better quality fibers and to reduce production costs by decreasing
the times and increasing the treated biomass volumes.

Fig. 8 Automated
decortication by
hammermilling

Fig. 9 Automated
decortication by rollermilling
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3.4 Physical Retting

Among the physical treatments of fibers, the processes using electromagnetic
radiation, high temperature, and/or pressure can be considered.

Steam explosion is an autohydrolysis process involving the use of saturated
steam at high pressure followed by a sudden decompression, which causes the
substantial breakdown of the lignocellulosic structure, the hydrolysis of the hemi-
cellulose fraction, the depolymerization of the lignin components, and the defib-
rillation. High decompression rates lead to improved fiber freeness but shorter fiber
length. During the process, high temperature softens the material and mechanical
action during the high-pressure discharge results in fiber separation: the partially
depolymerized lignin becomes more or less soluble in various organic solvents,
such as alcohols, acetone, and in alkaline solutions, whereas the cellulose, much
more resistant to hydrolysis than pectinic and hemicellulosic polysaccharides,
retains its structure. The steam explosion treatment is a fast and well-controlled
process, with a low cost and very flexible treatment parameters and is well adapted
for the processing of various fibers, including those not previously retted (Zhang
et al. 2008a, b). It is successfully applied on banana fibers (Sheng et al. 2014),
semi-retted hemp fibers (Thomsen et al. 2006; Garcia-Jaldon et al. 1998), coir fibers
(Abraham et al. 2013), flax (Kessler et al. 1998), and wheat straw (Zhang et al.
2008a, b). The steam explosion can be considered as a pretreatment that facilitates
the ensuing retting processes (Zhang et al. 2008a, b). It can be carried out down-
stream, after alkali treatments, bleaching, and sometimes acid hydrolysis (Abraham
et al. 2013; Sheng et al. 2014) in order to completely degrade the hemicellulose and
lignin fractions. Usually, steam explosion is combined with an alkaline pre-soaking
to favor the cleavage of lignin-hemicelluloses bonds. The reaction results in the
increased solubility of the lignin alkaline solvent and in an enhanced water solu-
bilization of hemicellulose (Sheng et al. 2014; Thomsen et al. 2006; Garcia-Jaldon
et al. 1998; Abraham et al. 2013).

Another interesting physical treatment to extract the fibers is based on the hy-
drothermal method: the lignins and hemicellulose are degraded by using water at
elevated pressure and temperature. This approach has been applied on hemp fibers
by Thomsen (Thomsen et al. 2006) and on flax fibers by Stamboulis (Stamboulis
et al. 2000), who carried out the so-called Duralin treatment, a sort of curing process
at different times and temperatures, that leads to an easy separation of the fibers
from the stem by a simple breaking and scutching operation. The fibers obtained via
such procedures are fiber bundles rather than individual fibers and they exhibit
improved moisture resistance and a somewhat higher and more uniform strength.

Recently, a Polish group (Konczewicz and Wojtysiak 2015; Kozlowski et al.
2013) has developed a new osmotic degumming of flax fibers. The degumming
mechanism is based on the diffusive penetration of water inside the stem, where the
long bundles of cellulosic fibers are clustered in slivers with polysaccharides,
mostly pectins. The pectins, which are highly absorbent, increase their volume
several times, which results in a considerable increase of hydrostatic pressure inside
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the stem and leads to pressing the epidermis. As the peripheral tension is stronger
than the longitudinal one, cracks of the epidermis occur lengthwise, without
breaking and shortening the fibers. Since the pectins become diluted and solved
(together with other bast substances) in water, the technological liquid is subjected
to proper filtration, which also serves to recover pectins for further use in the
cosmetic industry. This osmotic method produces fibers characterized by good
tenacity, divisibility, and soft touch. It is equally as efficient as the warm water
retting method and could be applied to other bast fibers by simply changing the
degumming parameters (temperature, flow velocity, and process duration).

To specifically modify the surface of fibers in order to improve their compati-
bility with polymeric matrix, the plasma treatment is an effective physical method,
which can be performed at both atmospheric and high pressure under the flow of
different types of gas (usually oxygen or argon).

Depending on the material to be treated, plasma flow can cause ablation,
cross-linking or surface activation. Ablation consists in the removal of organic
residues as well as surface layers at a molecular level. Cross-linking occurs as a
result of the interaction between two or more radicals leading to the formation of
covalent links while surface activation increases the surface energy as a result of the
generation of polar groups on the reinforcement surface (Kafi et al. 2011). Exposure
times, pressures, and discharge power are the variables that must be carefully
considered to achieve the best results in terms of the surface modification. This kind
of treatment is widely used for common natural fibers as flax, cane, coir, and
bamboo (Bozaci et al. 2013; Scalici et al. 2016; Praveen et al. 2016; Xu et al. 2006)
because, unlike chemical treatments, it is a simple nonpolluting process that can be
considered as dry and clean.

The physical treatments are surely not yet completely developed and only few
papers describe their use. However, they are characterized by high quickness, easy
scalability, and process flexibility, that make this kind of retting noteworthy of
further investigation.

3.5 Chemical Retting

With respect to water retting or dew retting, chemical processes are sometimes
preferable since they produce fibers characterized by high-constant quality,
regardless of weather conditions, usually in shorter times. Numerous chemical
treatments can be performed on the fibers depending on their type, the ensuing
retting process to be applied, their final applications. The most used chemical
process is alkalization, a treatment aimed at removing hemicelluloses: it is usually
carried out with sodium hydroxide, added as an aqueous solution at a variable
concentration in the range 1–25% by weight. Considering the coir fibers, the NaOH
effect is sometimes ambiguous and the reported results are controversial: indeed, if
the alkali treatment seems to increase the elongation at break and the surface
roughness (Silva et al. 2000) while improving the ultimate tensile strength, the
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initial modulus, the electrical properties, and the thermal stability (Mahato et al.
1993, 1995), at the same time it decreases the fiber tensile strength with increasing
NaOH concentration, demonstrating that the alkalization could induce damages on
fiber (Gu 2009). In order to minimize the fiber deterioration, a combination of
sodium hydroxide, sodium carbonate, and sodium sulfide and short soaking treat-
ments (only 2 h) have been successfully used on raw coconut fibers (Basu et al.
2015), achieving a reduction in diameter, linear density, and flexural rigidity of
fibers.

Similar considerations also apply to kenaf: the alkali retting produces stronger,
more flexible and less brittle fibers (Parikh et al. 2002a; Amel et al. 2013) but the
base concentration influences the fiber morphology (Ramesh et al. 2015) because
the high alkaline medium increases the microvoid volume fractions, leading to the
reduction of the tensile strength of the fibers (Kawahara et al. 2005). Milder con-
ditions prevent the degradation of kenaf fibers: the use of a weak base as sodium
sulfite leads to cleaner and brighter fibers, smoother, and softer materials, having
the higher tensile strength (Umoru et al. 2014). The same reagents have been tested
on hemp fibers (Hurren et al. 2002) and it turns out that the combination of NaOH
and Na2SO3 produces fibers with the whitest color and the finer diameter but not the
best spinnability (obtained after acidic treatment with HCl). The need to select weak
alkali treatments even on flax fibers has been highlighted by Van de Weyenberg
who demonstrates that soaking in a diluted NaOH solution for only 45 s enables
better adhesion between flax fibers and epoxy matrix, improving the mechanical
properties of the resulting materials (Van de Weyenberg et al. 2006).

To completely remove the lignins and most hemicelluloses, aqueous ammonia
treatments are an interesting alternative to alkali retting. Ammonia pretreatment
techniques include the ammonia recycle percolation (ARP) and the soaking in
aqueous ammonia (SAA). With ARP the biomass is pretreated with aqueous
ammonia in a flow-through column reactor; after the reaction, the solid fraction of
the biomass is separated whereas the liquid fraction is sent into a steam-heated
evaporator in order to separate lignin, sugars, and ammonia, that will be further
recycled. This pretreatment was first proposed by Iyer (Iyer et al. 1996) who tried
the alkali hydrolysis on herbaceous biomass, as corn cobs and stover mixture and
switchgrass, obtaining high efficiency of delignification but preserving the cellulose
chains, after only 1 h or less of reaction at 170 °C (Kim et al. 2003). On the other
hand, even at low temperatures, the SAA efficiently removes the lignin in the raw
material by minimizing the interaction with hemicellulose and leading to an
increment of surface area and pore size. The SAA has been applied on barley hulls
(Kim et al. 2008) and the scientists obtained 66% of lignin solubilization when
treating biomass with 15% aqueous ammonia at 75 °C during 48 h.

A further method to remove the lignin is by oxidative degradation that is
commonly used when the target is the complete degradation and consumption of
the lignocellulosic mass in order to recover the residues for the chemicals industry
or for fuel production. In these cases, degradation is realized using peroxides and
the raw biomasses are really varied: wheat straw (Klinke et al. 2002; Bjerre et al.
1996), mulberry (Cong and Dong 2007), poplar wood (Chang and Holtzapple
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2000). Interestingly, the pretreatment with hydrogen peroxide of cane bagasse
greatly enhances the fiber susceptibility to further enzymatic hydrolysis (Azzam
1989): the reported results show that about 50% of lignin and most of the hemi-
cellulose content of cane bagasse have been solubilized by 2% alkaline hydrogen
peroxide within 8 h.

A similar bleaching treatment on kenaf fibers (Shi et al. 2011) completely
removes the hemicellulose (the lignin was already eliminated by alkali retting)
within only 1 h, retaining the fiber diameter and increasing its crystallinity.
Recently, a thorough investigation on the better oxidizing agent, among H2O2,
NaOCl, NaClO/NaOH, for delignification of green coconut fibers has been
described (Brígida et al. 2010). The latter study reports that hydrogen peroxide is
more effective to eliminate waxes and fatty acids from the fiber surface but the
treatment with NaOCl/NaOH is the most efficient in hemicellulose removal and,
consequently, in cellulose exposition (which determines the inherent hydrophilicity
and is useful for further functionalization).

A different method to prepare the fibers for ensuing treatments is based on the
acidic retting: in such case, the risk to degrade the cellulosic fraction is quite high
and the management of the processing waste is likewise complex. Therefore, such
methodology is not popular and only a few papers describe this treatment. The use
of concentrated strong acids, such as H2SO4 and HCl to treat lignocellulosic
materials is widely reported when the main target is the complete cellulose
hydrolysis (Sun and Cheng 2002). More frequently, strong acids were used in
diluted solutions in processes exploiting less severe conditions (Shi et al. 2011a) but
usually leading to sugar recovery (i.e., cellulose degradation) (Chen et al. 2007).
A fascinating alternative to inorganic acids consists in the organic acids, like maleic
and fumaric acids, which can be used for a diluted acid pretreatment (Kootstra et al.
2009). All acids, tested on the retting of wheat straw, drive to sugar formation.

Certainly, chemical treatments are an effective alternative to microbial dew
retting which suffers from climatic risks leading to substantial harvest losses.
Indeed, chemical retting is not affected by weather variability and can retain the
fiber quality. However, difficulties in waste-management and the moderate risk to
degrade the fibers currently make such treatments less attractive than in the past.

4 Retted Fibers in Polymer Composites Application

The use of natural fibers for composites is an attractive field from an environmental
and sustainable perspective. In particular bast fibers, given their high cellulose and
low lignin content, are particularly suited to composite applications and are the
most promising replacement for glass fibers in composites (Deyholos and Potter
2014).

Some European countries, where a great environmental consciousness exists,
have already introduced the use of lignocellulosic fibers in polymer composites for
automotive applications and a great amount of products have been exported to the
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US and other countries. Such materials are mostly characterized by nondegradable
polymeric matrices, such as polyester, poly(propylene) (PP), epoxy, and phenol
formaldehyde (PF). However, recent EU directives establish that all new vehicles
must use 95% of recyclable materials in order to mitigate environmental impacts,
and this boosted the development of commercially viable biodegradable compos-
ites. Therefore, bio-based lignocellulosic composites have a steadily growing
market, with a growth projection in North America from US$ 155 million in 2000
to US$ 1.38 billion by 2025 (Satyanarayana et al. 2009).

Natural vegetable fibers can be used to reinforce thermosetting resins (e.g.,
unsaturated polyesters, epoxy, etc.), thermoplastics (e.g., polypropylene, poly-
ethylene, etc.), and natural polymers (e.g., polylactic acid, polyhydroxybutirric acid,
etc.). The most commonly used polymers in natural fibers composites matrices, and
an overview of their properties are schematically shown in Tables 3 and 4.

It is well known that lignocellulosic fibers have been used in the field of com-
posites since historical times, and one of their specific applications in aircraft took
place as early as the 1940s. In the last decades, reasons for their use have increased,

Table 3 Most commonly used polymeric matrices for composites with natural fibers

Matrix material

Thermosetting plastics Thermoplastics Rubber and natural polymers

Phenolic Polypropylene India-rubber

Epoxy Polyamide Modifies starch

Polyester Polyethylene Polylactic acid

Polyimide Polystyrene Cellulose esters

Polyurethane Polyvinyl chloride Polyhydroxybutirric acid

Table 4 Overview of the properties of some polymers commonly used in composite applications
(Dicker et al. 2014)

Polymer
type

Density
(kg/m3)

Glass
transition
T (°C)

Melt
T (°C)

Young’s
modulus
(GPa)

Tensile
strength
(MPa)

Elongation
(%)

Bio PLA 1210–
1250

45–58 150–
162

0.35–3.83 21–60 2.5–6

PHB 1180–
1260

4–15 168–
182

3.5–4 24–40 5–8

Starch 1000–
1390

– 110–
115

0.125–0.85 5–6 31–44

Synthetic Epoxies 1110–
1400

66.9–167 – 2.35–3.08 45–89.6 2–10

Polyester 1040–
1400

147–207 – 2.07–4.41 41.4–89.6 2–2.6

PP 890–
910

0.9–1.55 – 0.9–1.55 28–41 100–600
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because of (i) the abundance of sources throughout the world, which represent
value-added opportunities for agricultural industries and the possibility to create
rural jobs, (ii) the possibility of reducing the dependence on petroleum products,
(iii) the availability of complete data concerning fiber structure and properties.
Other reasons for their increased use are related to the reduced cost, weight, and
energy content in comparison with synthetic fibers (such as glass, kevlar, and
carbon) along with comparable tensile strength values, as well as a lower abra-
siveness for tooling and the absence of airborne particles, thus reducing respiratory
problems for workers (Satyanarayana et al. 2009; Frollini et al. 2013). More in
detail, lignocellulosic fibers present unique attributes such as: non-brittle fracture on
impact, high flex and tensile modulus, high notched impact, low-thermal expansion
coefficient, good sound abatement capability, natural appearance, and the fact that
they can be easily colored (useful for textiles applications), full recyclability
(Satyanarayana et al. 2009). In Table 5, some properties of the most employed
lignocellulosic fibers are reported and compared with those of some man-made
fibers. Such properties result from their structure and chemical composition.

Several factors limit the use of bast fibers in composites. The first problem is the
lack of homogeneity. As with many natural products, there is large variation in fiber
characteristics and composition according to sources (even in fibers grown in the
same field and season). Quality production efficiency depends on the environmental
conditions, on the cultivar and on growing, harvesting, and primary processing
conditions. This lack of homogeneity greatly complicates optimization and stan-
dardization of manufacturing processes, where high reliability and stability are
required (Deyholos and Potter 2014).

Table 5 Typical properties of some fibers commonly used in composite applications (Dicker
et al. 2014; Callister 2007)

Fiber Density
(kg/m3)

Tensile
strength
(MPa)

Young’s
modulus
(GPa)

Elongation
at break (%)

Moisture
absorption
(%)

Synthetic Carbon
HS

1800–1840 4400–4800 225–260 0 –

E-glass 2550–2600 1900–2050 72–85 1.8–4.8 –

Kevlar
49™

1444 3600–4100 131 2.8 –

Bast Flax 1420–1520 750–940 75–90 1.2–1.8 8–12

Hemp 1470–1520 550–920 55–70 1.4–1.7 6.2–12

Jute 1440–1520 400–860 35–60 1.7–2 12.5–13.7

Ramie 1450–1550 500–680 38–44 2–2.2 7.5–17

Kenaf 1435–1500 195–666 60–66 1.3–5.5 –

Fruit Coconut 1150–1220 135–240 4–6 15–35 8

Seed Cotton 1520–1560 350–800 7–12 5–12 7.8–8.5

Leaf Sisal 1400–1450 550–790 10–25 4–6 10–22

Grass Bamboo 600–1100 140–800 11–32 2.5–3.7 –
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The retting process, which represents the focus of this chapter, is a successful
pretreatment for the improvement of matrix/fiber adhesion and the development of
high-grade composites. An optimal retting process allows an optimum retting
degree, which means that the elementary fibers are released well from the technical
fibers and separated from each other by less non-fiber tissue attached on the surface.
The performances of the materials increase accordingly, due to the increase of
cellulose portions left on the fiber surface, and also by the higher fiber aspect ratio
(length/diameter) due to the extent of the separation of elementary fibers. When the
retting degree is low, impurities (pectin, lignin, hemicelluloses, etc.) between the
fibers can cause stress concentrations in composites and lead to an early fracture
(Hu et al. 2012a, b). The development of lignocellulosic fibers-based biocomposites
requires the selection of an appropriate biopolymer matrix, suitable surface treat-
ments of the fibers, along with low-cost but high-speed fabrication techniques.
Many attempts were made to apply and adapt conventional polymer processing
methods, such as compression molding and extrusion followed by injection
molding, to the vegetal fiber composite preparation. However, some important
aspects of composite manufacturing should be taken into account: preservation of
mechanical properties of the lignocellulosic fibers by minimizing attrition and
thermal degradation, attaining a high degree of fiber dispersion with control of fiber
orientation and ensuring good wettability, despite of incorporation of a high volume
fraction of fibers. In general, natural fiber reinforced composites can be manufac-
tured via most production techniques, without using high temperatures (Fig. 10).

Fig. 10 Most common manufacturing techniques for natural fiber reinforced composites (Nuplex
2014)
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Press molding seems to be the best preferred technique (Satyanarayana et al.
2009) since extrusion or melt mixing do not allow to take advantage of fiber length.

A wide range of biodegradable products has been produced using biopolymers
containing lignocellulosic fibers for different applications, ranging from automotive
vehicles including trucks, construction, and insulation panels, to special textiles
(geotextiles and nonwoven textiles). Other identified uses for these materials
include bathtubs, archery bows, golf clubs, boat hulls, maintenance-free roofing
panels, and longer lasting and better-looking lightweight components, such as
cosmetic packaging, tableware, and furniture. Furthermore, thanks to their load-
bearing potential, the use of natural fiber-based composites has spread to various
sectors, including aircraft, grain and fruit storage, and footwear. Thanks to the
identification of all such new applications, a remarkable growth of the market for
these new biocomposites is expected in a next future (Satyanarayana et al. 2009).

4.1 Flax

Flax (Linum usitatissimum L.) is an important agricultural crop. It is one of the first
natural fibers to be extracted, spun, and woven into textiles and now widely used.
Flax fibers are produced from the stems of flax bast plants. Like cotton, flax fiber is
rich in cellulose, but its cellulose structure is more crystalline, making it stronger,
crisper, and stiffer to handle, and more easily wrinkled.

The mechanical properties of flax fibers are reported to be highly dependent on
the stem section used to obtain them. Fibers with a different chemical composition
(e.g., in terms of cellulose, pectin, and lignin) resulting in different characteristics
(e.g., depectinization efficiency and selectivity) are obtained from different stem
sections. Fibers from the middle section exhibit higher strength than the fibers from
the bottom section (Liu et al. 2015a). Lower fiber grades are used as reinforcement
and filler in composites for automotive interior substrates and furniture (Yan et al.
2014).

Concerning the flax retting, Sharma et al. (1999) compare dew-, water-, and
enzymatic retted fibers in terms of fiber fineness, strength, ash, and weight-losses,
that are the key parameters for determining fiber quality. They are strictly connected
to the proportion of residual pectins, hemicelluloses, lignin, and lipids present in the
retted fiber, coming from differences in the activities of the polysaccharide-
degrading enzymes involved.

In particular, in dew retting, pectinases, and hemicellulases released by the
fungal colonists ret the flax slowly in 5–8 weeks. In contrast, water or enzymatic
retting can be performed rapidly in 3–7 days, and seem to result in a superior retted
material. Most of the pectin from the fiber can be hydrolyzed to improve fiber
fineness, but only a limited proportion (nearly 10%) of hemicellulose can be
removed without lowering the fiber strength. Removal of residual hemicelluloses
bound with lignin will reduce fiber strength. This study, although based on a limited
sample size, revealed the superiority of water retted fibers compared to the others.
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As far as the enzymatic treatment of flax is concerned, Foulk compared some
pectinase-rich commercial enzyme products and demonstrated that Texazym® BFE
and Bioprep® 3000 L, as well as Viscozyme®, confer higher tenacity to the fibers,
but indicate a potential advantage for Bioprep® 3000 L, in view of its monocom-
ponent nature, commercial availability, price, and ability to ret flax, in combination
with ethylenediaminetetraacetic acid (EDTA) at high pH (Foulk et al. 2008).

Good flax fiber quality with a minimum loss in fiber yield was also obtained by
steam explosion treatment of flax following dew retting (Kessler et al. 1998).

On the other hand, Van Der Velde et al. test the tensile properties of scutched and
hackled long flax fibers on individual fibers and on bundles and notice no significant
influence of the retting degree on tensile strength (Van Der Velde and Baetens 2001).
Pillin et al. also validate such conclusion in a study about the mechanical properties
of oleaginous flax fibers as a function of variety, culture year, dew retting degree and
agronomic factors. Despite the interesting mechanical properties obtained, they are
not affected by the retting degree. The same conclusion is obtained with agronomic
factors, such as seeding rate and plant height (Pillin et al. 2011).

In any case, numerous Authors discuss about the great importance of the retting
to achieve high-performance materials.

Some representative examples of retted flax composites are discussed below.
Two kinds of retted Canadian linseed flax fibers, dew, and enzymatic retted

fibers, are used in PP composites. The aspect ratio of the enzymatic retted fibers is
much higher than that of dew retted as the elementary fibers are better separated.
Indeed, the elementary fibers in dew retting remain tightly bundled into technical
fiber wrappings with more noncellulose portions. This result induces a lower retting
degree and is responsible for a lower thermal stability of dew retted fiber. Moreover,
a better retting degree and fewer damages on enzymatic retted flax fibers endowed
better tensile properties, thus resulting in a better reinforcement in composites (Hu
et al. 2012a, b).

Enzymatic and dew retted short flax fiber composites with recycled high-density
polyethylene (HDPE) were prepared and compared with similar products made with
wood pulp, glass, and carbon fibers. The composites, with a 30 wt% of fiber
loading, were easily blended with a Brabender mixer, because the flax fibers length
was 0.21–0.40 mm. A commercial multienzyme product, Viscozyme® L, was
combined in varying amounts with a commercial chelator product (Mayoquest®

200). Enzyme and chelator concentrations were denoted: low (0.05% and 5 mm),
middle (0.1% and 10 mm), and high (0.3% and 25 mm). Dew retted fiber com-
posites resulted in both lower strength and percent elongation, confirming that
enzymatic retting is more efficient in producing fibers suitable for composite
preparation. Moreover, enzyme and chelator concentrations did not much affect the
final composites properties. Flax fibers improve the elastic modulus with respect to
wood pulp/HDPE composites and HDPE alone (Foulk et al. 2004).

Enzymatic retted flax fibers and polylactic acid (PLA) were blended with a
twin-screw extruder. The flax fiber content was 30 and 40 wt%. Triacetin was added
as a plasticizer, in order to improve the impact properties, because of the brittle nature
of PLA. The material properties have been studied and compared to those of PLA and
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PP/flax fiber composite. Preliminary results reveal that the thermal properties of PLA
improve with the addition of flax fibers. Moreover, the composite strength is
enhanced with respect to that of PP/flax fiber composite, even if a poor interfacial
adhesion is observed by morphological characterization (Oksman et al. 2003).

Short flax fibers/PP composites have been prepared by Martin et al., who assess
the influence of the degree of dew retting of flax on the properties of composites.
The length of the fibers was 3 mm, therefore, it was possible to prepare the com-
posites by extrusion, with a 20% of volume fraction. The matrix was grafted with
4 wt% of maleic anhydride, in order to improve the compatibility. Water sorption
studies indicate a higher water uptake for fibers with a low retting degree. The
tensile properties of single fibers increased with the degree of retting in terms of
both Young’s modulus and strength at break. A high degree of retting enables easier
splitting of the fiber bundles during fiber/matrix extrusion and injection molding,
resulting in smaller fiber bundle diameters and a higher aspect ratio. Moreover, a
skin/core effect is highlighted: defects are mostly located in the core of samples
because the fibers are oriented parallel to the flow mostly in skin areas, resulting in
better tensile properties (Martin et al. 2013).

Bodros et al. prepared natural fiber reinforced thermoplastic composites using a
film-stacking technique. The materials were manufactured with a 20–30% of vol-
ume fraction of dew retted flax fibers 10 mm long, and various thermoplastics, such
as PLA, poly(L-lactide) (PLLA), poly(3-hydroxybutyrate) (PHB),
poly-e-caprolactone (PCL), thermoplastic starch (MaterBi® Z), poly(butylene suc-
cinate) (PBS), and poly(butylene adipate-co-terephtalate) (PBAT). The tensile
properties are compared to those of PP/flax composites. Preliminary results show
that the tensile properties are improved by increasing the fiber volume fraction. The
tensile strength and Young’s modulus of PLLA and PLA flax composites prove to
be higher than those of similar PP/flax fiber composites. The tensile strength and
modulus of flax fiber/PLLA composite are very close to those of glass fiber
polyester composites (Bodros et al. 2007).

Chemical treatments are often associated with other types of retting. Baley et al.
prepared flax/unsaturated polyester resin composites using dew retted fibers
(33 mm long), further subjected to sodium hydroxyde/acetic anhydride or formic
acid-based treatments. This classical treatment induces a general increase of the flax
fiber/polyester adhesion. The microbond test of a unique microdrop of the matrix on
flax fibers allows the assessment of the interfacial adhesion, showing a good
mechanical anchorage (Baley et al. 2006).

The chemical treatment with sodium hydroxide, sodium carbonate, and hydro-
gen peroxide, in addition to a microbiological retting was explored by Abdel-Halim
et al. They prepared flax-reinforced epoxy composites by hot pressing from raw,
scoured (NaOH + Na2CO3) and bleached (NaOH + H2O2) retted, and semi rotted
flax fibers in order to investigate the effect of the retting degree as well as subse-
quent chemical treatments on the mechanical properties of the composites. The
fibers were 1 cm long and were loaded in a high amount (almost 67 wt%). The
chemical treatment improved the fiber fineness and the surface energy of the flax
fibers, thus enhancing the mechanical properties of the composite. Such
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improvement follows the order: bleached fibers > scoured fibers > raw fibers.
Among raw fibers, retted fiber composites had better mechanical properties than
semi-retted ones. No improvement is obtained by the use of a titanate on modifying
the fiber surface (Abdel-Halim et al. 2008).

4.2 Hemp

Hemp (Cannabis sativa L.) fiber plant is one of the world’s oldest cultivated annual
crops, traditionally grown for its long and strong bast fibers and seeds. In most
western countries the cultivation of hemp was interrupted for decades (after 1980)
as a result of competition with other feedstock, such as cotton and synthetic fibers,
high labor costs, and the prohibition of cultivation due to the use of cannabis
(C. indica) as a narcotic. The crop can grow in a wide range of geographic and
climatic zones, and adjusts well to most regions of the world.

Hemp is used for a wide range of products, and has integrated many
agro-industrial fields such as agriculture, textile, biocomposites, paper-making,
automotive, constructions (as materials for building and insulation), bio-fuel, food,
oil, cosmetics, personal care, household electrical appliances, packaging, and
pharmaceutical industry (Salentijn et al. 2015).

Hemp hurds (also termed “shives”), i.e., the woody and lignified core tissues of
the stems, are used as horse-bedding, pulping, and concreting. In addition to the
traditional uses, novel applications for fiber hemp are being developed. The high
cellulose content of hemp cell walls together with the [its??? Riferito a biomass]
relatively high productivity make hemp biomass an interesting renewable feedstock
for energy production, for the production of second generation bio-ethanol and as a
reinforcement in “green composite” materials and concrete. It is estimated that the
global market for hemp consists of more than 25,000 products (Salentijn et al.
2015). Hemp is more lignified than flax.

As reported for flax fibers, the effect of the stem section on the mechanical
properties of hemp fibers is notable: fibers from the middle section of stems exhibit
higher tensile strength and elongation than fibers from the bottom and the
top. Compared to flax fibers, the most disadvantageous feature in hemp fibers is the
presence of inferior secondary fibers (Liu et al. 2015a). In general, hemp bast fiber
is organized in layers from the innermost xylem toward the surface consisting of
cambium, secondary, and primary fibers, epidermis, and cuticle, as described by
Liu et al. (2015b). Secondary fibers in hemp are primarily located at the bottom of
the plant stem and are much shorter (approx. 2 mm long) and thinner (approx. 6 lm
in diameter) than the primary fibers (approx. 20 mm long and 10–40 lm in
diameter). The presence of secondary fibers may contribute to make the fibers in the
bottom stem section poorer. Moreover, as already expressed, fibers from different
sections show a different chemical composition, which may affect fiber extraction
with biological methods, resulting in different responses (e.g., depectinization
efficiency and selectivity) at different stem sections (Liu et al. 2015a).
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The optimal growth stage for harvesting hemp fibers for use in composites is
reported to be at the beginning of flowering when blooming begins (Liu et al.
2015b). Authors noticed that fibers harvested at an early blooming stage exhibit
high tensile strength and strain, which decrease with plant maturity. Reduction in
strength was related to the increase in the proportion of secondary fibers and
decrease in cellulose deposition leading to inferior properties of fibers. The same
Authors also noticed that extended retting dew (i.e., 70 days) had a detrimental
effect on the mechanical performance of the fibers, presumably due to the accel-
erated degradation of cellulose by the action of microorganisms (Liu et al. 2015b).

Some representative examples of various types of retted hemp composites are
discussed below.

Composites of PBS with retted and unretted hemp fibers were prepared by
compression molding. The fiber content was 10, 20, and 30 wt%, while the fiber
length was 3 cm. The efficiency of the retting process, carried out with warm
inoculated water, was evaluated by analyzing the final performances of the mate-
rials. All the composites showed good mechanical properties, in particular, the
composition of 20 wt% retted hemp fibers provided the best performances thanks to
a stronger interface between fibers and matrix (Sisti et al. 2016).

Two low-cost retting methods were exploited for the preparation of short hemp
fibers/PP composites. The fibers were retted in a bag in the first case, and in the
presence of white rot fungi in a second experiment. The composites were prepared
by extrusion, with 40 wt% of hemp fibers content (10 mm long). It was found that
all the treatments increase the tensile strength of composites. In particular, com-
posites prepared with white rot fungi Schizophyllum commune (S. com) have the
highest tensile strength (Li et al. 2009).

Physical retting treatments have also been reported. Keller et al., for example,
used hemp fibers with different length for the extrusion of poly(3-hydroxybutyrate-
co-hydroxyvalerate) (PHBV) and copolyester amide (PEA) composites. The fibers,
8 mm long, were separated by a steam explosion process, while other fibers, 15 mm
long, were degummed by biological processes. Composites with a fiber volume
fraction of up to 42% could be achieved. The tensile strength and the Young
modulus of PEA were improved by the reinforcement with 27% of fibers. In case of
the brittle matrix PHBV instead, no improvement of the tensile strength was
achieved, whereas its Young modulus was increased by short-fiber reinforcement,
though this was at the expense of impact strength (Keller 2003).

PP/hemp fibers composite films with various amount of fibers (0–30 wt%) were
prepared by melt blending and hot pressing. The fibers were chemically treated and
then steam exploded. The mechanical properties of the materials resulted to be
improved, in particular after a surface fiber treatment with polypropylene-maleic
anhydride copolymer (Vignon et al. 1996). Similar materials have also been pre-
pared by Pickering et al., who obtained the best mechanical results with the
composite containing PP, 40 wt% of chemical retted hemp fibers and 3 wt% of a
maleated polypropylene coupling agent (Pickering et al. 2007b).

Moreover, Bledzki et al. used alkali retted hemp fibers for PP and epoxy
composites processed by the film-stacking technique in combination with the
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filament winding system (30–35 vol.% fiber content). Retted fibers and/or fibers
treated with maleic anhydride-polypropylene copolymer were employed, obtaining
good tensile strength (Bledzki et al. 2004).

Mwaikambo and Ansell observed an increase in the tensile properties of hemp
fiber reinforced cashew nut shell liquid composites following alkalization of fibers.
Nonwoven fiber mats and unidirectional fiber composites were manufactured by
hand layup compression molding and the increase was observed for both types of
composites (Mwaikambo and Ansell 2003).

The alkali treatmentwas successfully used byMehta et al., whoprepared hempfiber
mats/polyester resin composites by compressionmolding and thematerials showed an
increase in mechanical properties. The only exception was their impact strength which
was found to decrease following alkalization treatment (Mehta et al. 2006).

Aziz and Ansell studied the mechanical properties of hemp and kenaf-fiber
reinforced polyester composites, untreated and with alkali treatment. The composites
have been prepared with short, long, and random mat fibers by hot pressing. The
alkali treated fibers of both types of composites showed superior flexural strength
and flexural modulus values compared to untreated fibers (Aziz and Ansell 2004).

4.3 Kenaf

Kenaf (Hibiscus cannabinus L.) belongs to the Malvaceae family, and is a fast
growing, multipurpose crop with several harvested components: leaves and tender
shoots are suitable for forage; seeds have an oil and protein composition similar to
cotton seeds; the woody core can be a substitute for a number of different forest
products; and the long bast fibers, traditionally used for cordage, are expanding into
the field of composite materials (Ramesh et al. 2015). Kenaf grows in tropical and
subtropical areas, 4–5 months after planting, with heights of 4–5 m and 25–35 mm
in diameter (Umoru et al. 2014).

This plant features the highest carbon dioxide absorption among other plants (1 t
of kenaf absorbs 1.5 t of atmospheric carbon dioxide). Kenaf fiber has a pale color
because it contains less noncellulosic compounds than jute. Its fibers are coarse and
quite brittle. It exhibits breaking strength similar to jute (Bledzki et al. 2015).

Kenaf bast fiber has been used for the production of fiber board and particle
board, textiles, a fuel, and as a reinforcement material for composites (Amel et al.
2013). Applications of kenaf include newsprint, textiles, chemical sorbents, insu-
lating, and noise-absorbing nonwoven materials for automobiles and structural
applications and composite consumer products, such as laptops and cell phone
cases (Ramesh et al. 2015).

Some representative examples of various types of retted kenaf composites are
discussed below. The most common treatment seems to be the chemical retting.

Xia et al., for example, used kenaf fibers, 50.8 mm long, impregnated with
aluminum hydroxide and alkali retted, to reinforce unsaturated polyester compos-
ites by the vacuum-assisted resin transfer molding process. The results show that
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the elastic modulus, tensile modulus, and tensile strength of the composites, as well
as their water resistance, increase compared to those of composites made with
untreated fibers. The presence of Al(OH)3 proves to be advantageous in improving
the interfacial compatibility between fibers and resin matrix (Xia et al. 2016).

Shi et al. prepared PP/kenaf composites by sheet molding. The fibers, 50.8 mm
long, were alkali retted, impregnated with calcium carbonate and then compounded
with PP films in the weight ratio of 50:50. First of all, the tensile strength of the
individual fibers increases significantly (more than 20%) after the treatments and
the compatibility fibers/matrix is improved by the inorganic particles. The tensile
modulus and tensile strength of the composites, compared to those reinforced with
untreated kenaf fibers, increase by 25.9 and 10.4%, respectively (Shi et al. 2011b).

Biocomposites based on the alkali retted kenaf fibers and natural polymer starch
have been prepared by Song and Kim, by hot press. 20 wt% of fibers, 50 or 1 mm
long, were used in composites. Various plasticizers, such as polyvinyl alcohol (PVA),
polyethylene glycol (PEG), and glycerol (G), were added and the results show that the
interfacial adhesion in the case of G and PVA is better, whereas in the case of PEG, a
detachment of the fiber from starch was observed. Hence, the mechanical properties
follow the general trend G > PVA > PEG (Song and Kim 2013).

Shi et al. applied progressive chemical treatments to kenaf fibers in order to
prepare nano-scale to macro-scale cellulosic fibers from kenaf bast fibers. The
chemical treatments included alkaline retting, bleaching, and acidic hydrolysis to
obtain both pure-cellulose microfiber and cellulose nanowhisker (CNW). The
chemical components of the different scale fibers were analyzed and CNWs were
used for polyvinyl alcohol (PVA) composite reinforcement, prepared by film
casting. The incorporation of 9 wt% of CNWs fiber (lengths of 100–1400 nm) in
PVA composites increases the tensile strength by 46% with respect to the
homopolymer (Shi et al. 2011a).

The successful use of chemically retted kenaf fibers in thermoformable com-
posites with recycled polyester and off-quality polypropylene for automotive inte-
riors has been reported by Parikh et al. (2002b).

Yang et al. prepared by compression molding a series of composites based on poly
(hydroxybutyrate-co-valerate)/poly(butylene adipate-co-terephthalate) (80/20) and
retted kenaffibers. Twofiber lengths, 5 and 10 mm, and a hybrid 1:1 fibermixturewas
utilized in composites. Both alkali and pectinase rettings were conducted on fibers.
The alkali rettedfibers showed synergistic benefits of the use of hybridfiber lengths on
modulus, that is to say, that the Young modulus of the composite containing the two
length fiber mixture (5 + 10 mm) was higher respect to the samples with 5 mm and
10 mm alkali treated fibers. Such specific effect was not noticed with pectinase retted
fiber samples, but in general, these composites outperformed the corresponding
composites with alkali retted fibers (Yang et al. 2014).

Good mechanical properties have been obtained also by Bledzki et al. They
prepared by extrusion a series of PP biocomposites with different types of fibers,
obtaining the best performances with the sample containing 40 wt% of water retted
kenaf fibers, 2 mm long, in comparison with abaca, jute, and wood microfibers
composites (Bledzki et al. 2015).
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Du et al. used mechanically retted short kenaf bast fibers, with different lengths
(1.72–2.75–3.30 mm), to reinforce unsaturated polyester composites fabricated by
compression molding. The effects of fiber loadings and aspect ratios on composite
tensile properties were predicted using classical models in micromechanics. The
results show that both composite tensile moduli and strengths increase consistently
when increasing fiber loadings up to 75 vol.% (Du et al. 2010).

4.4 Jute

Jute is a long, soft, shiny fiber that can be spun into coarse, strong threads. Like
cotton, it is cultivated just for its fiber. Jute fibers are extracted from the bark of the
white jute plant (Corchorus capsularis) and from tossa jute (C. olitorius) by either
biological or chemical retting process. It is also named “the Golden Fiber,” because
of its golden and silky shine. The length of a single fiber can range from 1 to 4 m.
The structure of a jute fiber, consisting mostly of cellulose and lignin, has a
polygonal section of various sizes, which results in an uneven thickness of fiber cell
walls, and this, in turn causes variations in strength. Similarly to other lignocel-
lulosic fibers, jute bast fiber is separated from the pith thanks to retting. In the case
of water retting, cut jute stalks are placed in ponds for several weeks. Microbial
action in the pond softens the jute fiber and weakens the bonds between the indi-
vidual fibers and the pith. The fiber strands are then manually stripped from the jute
stick and hung on racks to dry (Bledzki et al. 2015).

In hot and humid climates jute plants can be harvested in 4–6 months, therefore
the suitable climate for growing jute is the monsoon season. Temperatures ranging
from 20 to 40 °C and a relative humidity of 70–80% are favorable for successful
cultivation. Jute requires a weekly rainfall of 5–8 cm with an extra amount during
the sowing period. It is cultivated in the world and extensively grown in
Bangladesh, China, India, Indonesia, and Brazil but the best quality comes from
Bangladesh (Ahmed and Nizam 2008).

Jute fiber is a good insulator, has antistatic properties and moderate moisture
retention. Due to a high lignin content (up to 20%), jute fibers are brittle, but strong
and have a low extension to break (about 1.5%) (Bledzki et al. 2015). Due to its
good spinning quality, it is a good textile fiber. It is suited for making jeans and
other heavy-duty types of fabrics (Tahir et al. 2011). Jute fibers are used in many
sectors of industry, like fashion, travel, luggage, furnishing, and in the production
of carpets and other floor coverings, and, last but not least, as a reinforcement in
biocomposites (Bledzki et al. 2015).

Some representative examples of various types of retted jute composites are
discussed below.

Prasad et al. reported an example of composite made by chemical retted jute
fibers and PP. More in detail, the materials have been prepared by injection molding
with different fiber loading (0, 5, 10, 15, 20, 25 wt%) and fiber condition (untreated,
NaOH treated at different concentrations followed by bleaching with H2O2).
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The fiber length was 3 mm. The results showed that tensile strength increases with
increase in the fiber loading up to 20%, and then there is a reduction. Regarding the
alkali treatment, it seems that concentrations higher than 10% of NaOH, may cause
strength deterioration. The tensile modulus of the composite with treated fibers has
increased considerably when compared to plain PP and untreated fiber reinforced
PP composite (Prasad et al. 2014).

Another example of chemical retted jute fibers has been reported by Graceraj
et al. The Authors prepared composites based on a mixture of cashew nut shell
liquid (CNSL) resin and polyester resin with alkali treated fibers, by hand layup
technique. CNSL was used for the improvement of biocompatibility. The fibers
were knitted in the mold, therefore, they were 250 mm long. Different amounts of
CNSL (5–10–15%) and fiber volume fraction (5–10–15%) have been used. The
fatigue strength could be controlled by the optimization of the composition
parameters, that is almost 5–7% of CNLS, 8–24 h of NaOH treatment and 7.5–15%
of volume fraction (Graceraj et al. 2016).

The water retting process was instead exploited by Gowda et al. The Authors
evaluated the mechanical properties of jute-reinforced polyester composites made
by hand layup. Microorganisms (mainly bacillus bacteria) decomposed the gums
and softened the tissues in 5–30 days, depending on the temperatures (27 °C was
the optimum) and the type of water used. The jute fibers contained a large numbers
of short fibers and few long ones. The Authors tested the mechanical properties and
concluded that the composites have better strengths than wood composites.
Therefore, they could be suitable for indoor applications, such as shelves, partitions,
wash basins, and table tops, and for outdoor uses, such as roofing, drainage pipes,
automobile components, electrical fittings as well as larger items, such as light-
weight fishing boats (Gowda et al. 1999).

Hassan studied the mechanical properties of phenol formaldehyde resin/jute
composites. The fibers have been acetylated or steamed in a rotating autoclave and
then sprayed with different levels of PF resin; 12 sheets were overlaid and pressed.
The effect of the amount of resin (12–30%), on the flexural strength, tensile
strength, water absorption, and thickness swelling of the composites was studied, as
well as the effect of steaming and acetylation on the structure and thermal stability
of jute fibers. Steaming resulted to be superior to acetylation in improving the
dimensional stability. However, the Authors concluded that, due to the lower
thermal stability of the steamed and acetylated jute as compared to untreated jute,
the use of a resin having curing temperature <160 °C, for example, urea
formaldehyde, is recommended, if high-mechanical properties along with
high-dimensional stability are required (Hassan 2003).

Unfortunately, various authors do not specify exactly the type of retting in case
of jute fibers. For example, Hu et al. used the film-stacking hot pressed method to
prepare composites with polylactide film (0.3 mm thickness) and short jute retted
fibers (10–15 mm length) in a volume fraction of 30, 40, and 50%. The Authors
concluded that, when the volume fraction of fibers in the composite was 40%, the
composite had better mechanical properties (Hu et al. 2007). Moreover, Hu et al.
employed a more uniform fiber blending method to fabricate composites with retted
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jute fiber (100 mm) and short PLA fibers, reaching the 70% of fiber volume frac-
tion. The fabrication process includes two steps: felt making and hot pressed
molding. The composites showed very good formability and processability
(Hu et al. 2012a, b).

Roe et al. used retted jute fibers and a polyester resin matrix to form uniaxially
reinforced composites containing up to 60 vol.% of fibers. The composites were
fabricated in a lossy mold comprising demountable steel plates forming interleaved
troughs 12.7 mm wide and 40 mm deep and the fibers were cut exactly to the length
of the mold. The tensile strength and Young’s modulus, work of fracture determined
by Charpy impact and interlaminar shear strength have been measured as a function
of fiber volume fraction. The Authors conclude that the resin forms an intimate bond
with jute fibers up to a volume fraction of 0.6, above which the quantity of resin was
insufficient to wet fibers completely. Therefore, good quality composites with very
acceptable specific properties were assessed (Roe and Ansell 1985).

Good mechanical performances have been achieved also in some mixed systems
as reported, for example, by Ramnath et al., who prepared composites by hand
layup technique with layers of abaca and retted jute fibers with different orientation.
The materials were laminated on top and bottom with glass fibers, in order to
improve the surface finish and strength (Ramnath et al. 2013). Sature et al. also
reported about the good mechanical reinforcement given by jute/hemp epoxy
composites laminated with woven glass mat on top and bottom by hand layup
technique. Water retting was applied to jute fibers (Sature and Mache 2015).

Finally, examples of retted jute/epoxy composites made with the
vacuum-assisted resin infiltration have been reported by Hossain et al. (2013), while
a mixed system based on the hemp and jute/polyester composites has been reported
by Hughes et al. (2002).

4.5 Other

In addition, the literature also reports examples of composites based on the other
types of fibers, deriving from leaves (such as palm, abaca, sisal, etc.) or grasses
(such as bamboo, elephant grass, etc.).

For example, sugar palm fibers, treated by a seawater retting process, were
successfully used to reinforce epoxy composites. The results showed that the tensile
and flexural strengths of the composites increased proportionally to the fiber
treatment duration thanks to a good fiber-matrix bond (Leman et al. 2010).

Epoxy composites have been also reinforced with different fiber contents of
royal palm fibers. The fibers were collected from a royal palm tree through the
process of water retting and mechanical extraction, and further subjected to alkali
treatment which resulted to be effective in improving the tensile and flexural
properties while the impact strength decreased, with respect to the untreated fiber
composite (Goud and Rao 2011).
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Moreover, retted royal palm and bamboo fibers were used to reinforce a
polyester resin matrix, tested for tensile, flexural, and dielectric properties and
compared with similar sisal and banana fiber composites. It has been observed that
the tensile and flexural properties increase in composites containing palm and
bamboo fibers, as well as the dielectric strength in palm fiber composites, useful for
electrical insulation applications (Rao et al. 2010).

Bamboo fibers, retted by the action of bacteria and moisture and then
mechanically extracted, have been used as reinforcements in polyester resins for
insulating materials. The results showed indeed that the thermal conductivity of
composites decreased with the increase in fiber content (volume fraction 0.1–0.3).
Therefore, this composite can be used in the building and automotive industries to
save energy by reducing the rate of heat transfer (Mounika et al. 2012).

Polyester resin composites were also prepared with jowar. Experiments of tensile
and flexural tests were carried out, and the samples were compared with sisal and
bamboo composites. The fibers were extracted by water retting and manual process.
The composites present high strength and rigidity, suitable for lightweight applica-
tions compared to conventional sisal and bamboo composites (Prasad and Rao 2011).

Sisal fibers extracted by field retting process were subjected to a chemical
mercerization treatment and used for the production of PP composites, leading to
better flexural and tensile properties, when compared to untreated and unreinforced
PP matrix (Oladele and Agbabiaka 2015). Moreover, sisal fibers were used to
reinforce unsaturated polyester resin composites. The fibers were subjected to both
field and chemical retting (NaOH, KOH, H2O2, and ethanol). The tensile and
hardness properties of the polyester composites turned out to be enhanced with
KOH treatment (Oladele et al. 2014).

Other types of fibers investigated for polyester resin composites are wildcane
grass fibers, that were water retted, in order to produce inexpensive materials with
high toughness (Prasad et al. 2011). Elephant grass stalk fibers were incorporated in
a polyester matrix in order to obtain materials with enhanced mechanical properties.
The fibers were extracted using water retting or chemical treatment and the latter
proved to be more promising (Rao et al. 2007). Chemically retted elephant grass
fibers were also used to reinforce PLA composites, resulting in materials with
higher tensile and impact strength when compared to similar lignocellulosic fibers/
PLA composites (Gunti et al. 2016).

Cornhusk fibers instead were used in PP composites. The fibers were alkali and
enzymatic (pulpzyme and cellulase) retted. The composites resulted in increased
mechanical and sound absorption properties, therefore a possible application of
these composites may be in structural components for automotive interiors such as
headliner substrate (Huda and Yang 2008).
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5 Conclusions and Future Prospectives

The main disadvantages of natural fibers in the reinforcement of composites are the
poor compatibility between fiber and matrix and their relatively high moisture
absorption. Therefore, natural fiber modifications trough extraction processes are
necessary to improve their adhesion with different matrices. In recent years, the
various retting techniques have experienced a sizable evolution and improvements
that tend to minimize the lack of consistency in fiber qualities and the high levels of
variability in fiber properties. As described above, the technology based on
enzymes seems to be the most promising retting technique, due to its environmental
friendliness, shorter processing times, and acceptable fiber quality. However, at
present, it is not yet feasible and developed on a large scale, due to the high cost of
the process.

References

Abdel-Halima ES, El-Rafie MH, Kohler R (2008) Surface characterization of differently pretreated
flax fibers and their application in fiber-reinforced composites. Polym Plast Technol Eng
47:58–65

Abraham E, Deepa B, Pothen LA, Cintil J, Thomas S, John MJ, Anandjiwala R, Narine SS (2013)
Environmental friendly method for the extraction of coir fibre and isolation of nanofiber.
Carbohydr Polym 92:1477–1483

Adamsen APS, Akin DE, Rigsy LL (2002) Chelating agents and enzyme retting of flax. Text Res J
72:296–302

Ahmed Z, Akhter F (2001) Jute retting: an overview. J Biol Sci 1(7):685–688
Ahmed Z, Nizam SA (2008) Jute—microbiological and biochemical research. Plant Tissue Cult

Biotechnol 18:197–220
Akin DE, Condon B, Sohn M, Foulk JA, Dodd RB, Rigsby LL (2007) Optimization for

enzyme-retting of flax with pectate lyase. Ind Crops Prod 25:136–146
Akin DE, Henriksson G, Evans JD, Adamsen APS, Foulk JA, Dodd RB (2004) Progress in

enzyme retting of flax. J Nat Fibers 1:21–47
Akin DE, Morrison WH III, Rigsby LL, Evans JD, Foulk JA (2003) Influence of water presoak on

enzyme-retting of flax. Ind Crops Prod 17:149–159
Akin DE, Rigby LL, Perkins W (1999) Quality properties of flax fibers retted with enzymes. Text

Res J 69:747–753
Akin DE, Rigsy LL, Henriksson G, Eriksson KL (1998) Structural effects on flax stems of three

potential retting fungi. Text Res J 68:515–519
Ali MM (1958) Aerobic bacteria involved in the retting of jute. Appl Microbiol 6:87–89
Amaducci S, Gusovious HJ (2010) Hemp cultivation, extraction and processing. In: Mussig J

(ed) Industrial application of natural fibres: properties and technical application. Wiley, UK
Amel BA, Paridah MT, Sudin R, Anwar UMK, Hussein AS (2013) Effect of fiber extraction

methods on some properties of kenaf bast fiber. Ind Crops Prod 46:117–123
Antonov V, Marek J, Bjelkova M, Smirous P, Fisher H (2007) Easily available enzymes as natural

retting agents. Biotechnol J 2:342–346
Aziz SH, Ansell MP (2004) Optimising the properties of green composites. In: Baillie CA

(ed) green composites. Woodhead Publishing Limited, Cambridge

128 L. Sisti et al.



Azzam AM (1989) Pretreatment of cane bagasse with alkaline hydrogen peroxide for enzymatic
hydrolysis of cellulose and ethanol fermentation. J Environ Sci Heal B 24:421–433

Bacci L, Di Lonardo S, Albanese L, Mastromei G, Perito B (2010) Effect of different extraction
methods on fiber quality of nettle (Urtica Dioica L.). Text Res J 81:827–837

Baley C (2002) Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness
increase. Compos Part A-Appl S 33:939–948

Baley C (2004) Influence of kink bands on the tensile strength of flax fibers. J Mater Sci 39:
331–334

Baley C, Busnel F, Grohens Y, Sire O (2006) Influence of chemical treatments on surface
properties and adhesion of flax fibre–polyester resin. Compos Part A-Appl S 37:1626–1637

Basu G, Mishra L, Jose S, Samanta AK (2015) Accelerated retting cum softening of coconut fibre.
Ind Crops Prod 77:66–73

Beg QK, Bushan B, Kappor M, Hoondal GS (2000) Production and characterization of
thermostable xylanase and pectinase from Streptomycetes spp. QG-11-3. Res Bull Panjab Univ
Sci 51:71–78

Bismark A, Mishra S, Lampke T (2005) Plant fibers as reinforcement for green composites. In:
Mohanty AK, Misra M, Drzal LT (eds) Natural fibers, biopolymers, and biocomposites. CRC
Press, Boca Raton

Bjerre AB, Olesen AB, Fernqvist T, Ploger A, Schmidt AS (1996) Pretreatment of wheat straw
using combined wet oxidation and alkaline hydrolysis resulting in convertible cellulose and
hemicellulose. Biotechnol Bioeng 49:568–577

Blanco P, Sieiro C, Villa TG (1999) Production of pectic enzymes in yeast. FEMS Microbiol Lett
175:1–9

Bledzki AK, Fink HP, Specht K (2004) Unidirectional hemp and flax EP- and PP-composites:
influence of defined fiber treatments. J Appl Polym Sci 93:2150–2156

Bledzki AK, Franciszczak P, Osman Z, Elbadawi M (2015) Polypropylene biocomposites
reinforced with softwood, abaca, jute, and kenaf fibers Ind Crops. Prod 70:91–99

Bodros E, Pillin I, Montrelay N, Baley C (2007) Could biopolymers reinforced by randomly
scattered flax fibre be used in structural applications? Compos Sci Technol 67:462–470

Booth I, Goodman AM, Grishanov SA, Harwood RJ (2004) A mechanical investigation of the
retting process in dew-retting hemp (Cannabis sativa). Ann Appl Biol 145:51–58

Bozaci E, Sever K, Sarikanat M, Seki Y, Demir A, Ozdogan E, Tavman I (2013) Effects of the
atmospheric plasma treatments on surface and mechanical properties of flax fiber and adhesion
between fiber–matrix for composite materials. Compos Part B-Eng 45:565–572

Brígida AIS, Calado VMA, Gonçalves LRB, Coelho MAZ (2010) Effect of chemical treatments on
properties of green coconut fiber. Carbohydr Polym 79:832–838

Bruhlmann F, Leupin M, Erismann KH, Fiechter A (2000) Enzymatic degumming of ramie bast
fibers. J Biotechnol 76:43–50

Callister WD Jr (2007) Composites. In: Callister WD Jr (ed) Materials science and engineering: an
introduction, 7th edn. Wiley, New York

Chang VS, Holtzapple MT (2000) Fundamental factors affecting biomass enzymatic reactivity.
Appl Biochem Biotechnol 84–86:5–37

Chen Y, Sharma-Shivappa RR, Keshwani D, Chen C (2007) Potential of agricultural residues and
hay for bioethanol production. Appl Biochem Biotechnol 142:276–290

Cong R, Dong W (2007) Structure and property of mulberry fiber. Mod Appl Sci 1:14–17
Dasgupta PC, Sardar D, Majumdar AK (1976) Chemical retting of jute. Food Farming Agric 8:7–9
Davies DC, Bruce DM (1998) Effect of environmental relative humidity and damage on the tensile

properties of flax and nettle fibers. Text Res J 68:623–629
Deyholos MK, Potter S (2014) Engineering bast fiber feedstocks for use in composite materials.

Biocatal Agric Biotechnol 3:53–57
Di Candilo M, Ranalli P, Mastromei G, Polsinelli M, Bozzi C, Focher B (2000) Optimum

conditions for microbial retting of hemp in tanks. In: Bioresource Hemp. Wolfsburg: www.
nova-institut.de

Retting Process as a Pretreatment of Natural Fibers … 129

http://www.nova-institut.de
http://www.nova-institut.de


Dicker MPM, Duckworth PF, Baker AB, Francois G, Hazzard MK, Weaver PM (2014) Green
composites: a review of material attributes and complementary applications. Compos Part
A-Appl S 56:280–289

Donaphy JA, Levette PN, Haylock RW (1990) Changes in microbial populations during anaerobic
flax retting. J Appl Bacteriol 69:634–641

Dosanjh NS, Hoondal G (1996) Production of constitutive, thermostable, hyper active
exo-pectinase from Bacillus GK-8S. Biotechnol Lett 18:1435–1438

Durden D, Etters JN, Sarkar AK, Henderson LA, Hill JE (2001) Advances in commercial
biopreparation of cotton with alkaline pectinase. AATCC Rev 1:28–31

Du Y, Zhang J, Yu J, Lacy TE Jr, Xue Y, Toghiani H, Horstemeyer MF, Pittman CU Jr (2010)
Kenaf bast fiber bundle-reinforced unsaturated polyester composites. IV: effects of fiber
loadings and aspect ratios on composite tensile properties. Forest Prod J 60:582–591

Etters JN, Sarkar AK, Henderson LA, Liu J (2001) The influence of biopreparation of cotton with
alkaline pectinase on dyeing properties. AATCC Rev 1:22–24

Evans JD, Akin DE, Foulk JA (2002) Flax-retting by galacturonase-containing enzyme mixtures
and effects on fiber properties. J Biotechnol 97:223–231

Faruk O, Bledzki AK, Fink HP, Sain M (2012) Biocomposites reinforced with natural fibers:
2000–2010. Prog Polym Sci 37:1552–1596

Flax composites (2014) http://flaxcomposites.com
Fogarty M, Ward OP (1972) Pectic substances and pectolytic enzymes. Process Biochem 7:17–31
Foulk JA, Akin DE, Dodd RB (2008) Influence of pectinolytic enzymes on retting effectiveness

and resultant fiber properties. BioResources 3:155–169
Foulk JA, Chao WY, Akin DE, Dodd RB, Layton PA (2004) Enzyme-retted flax fiber and

recycled polyethylene composites. J Polym Environ 12:165–171
Foulk JA, Rho D, Alcock MM, Ulven CA, Huo S (2011) Modifications caused by enzyme-retting

and their effect on composite performance. Adv Mater Sci Eng 9:121–129
Frollini E, Bartolucci N, Sisti L, Celli A (2013) Poly(butylene succinate) reinforced with different

lignocellulosic fibers. Ind Crops Prod 45:160–169
Frollini E, Bartolucci N, Sisti L, Celli A (2015) Biocomposites based on poly(butylene succinate)

and curaua: mechanical and morphological properties. Polym Test 45:168–173
Frontier Culture Museum of Virginia (2012) http://frontierculturemuseum.blogspot.it/2012/08/

retting-flax.html
Gañán P, Zuluaga R, Restrepo A, Labidi J, Mondragon I (2008) Plantain fibre bundles isolated

from Colombian agro-industrial residues. Bioresource Technol 99:486–491
Garcia-Jaldon C, Dupeyre D, Vignon MR (1998) Fibres from semi-retted hemp bundles by steam

explosion treatment. Biomass Bioenergy 14:251–260
Goud G, Rao RN (2011) Effect of fibre content and alkali treatment on mechanical properties of

Roystonea regia-reinforced epoxy partially biodegradable composites. Bull Mater Sci
34:1575–1581

Gowda TM, Naidu ACB, Chhaya R (1999) Some mechanical properties of untreated jute
fabric-reinforced polyester composites. Compos Part A-Appl S 30:277–284

Graceraj PP, Venkatachalam G, Shankar AG, Kumar K (2016) Investigation on fatigue strength of
the jute fiber reinforced hybrid polymer matrix composites. UPB Sci Bull Series D 78:185–196

Gu H (2009) Tensile behaviours of the coir fibre and related composites after NaOH treatment.
Mater Des 30:3931–3934

Gunti R, Prasad AVR, Gupta AVSSKS (2016) Mechanical and degradation properties of natural
Fiber reinforced PLA composites: jute, sisal, and elephant grass. Polym Composite
doi:10.1002/pc

Gurunathan T, Mohanthy S, Nayak SK (2015) A review of the recent developments in
biocomposites based on natural fibres and their application prespectives. Compos Part A-Appl
S 77:1–25

Hänninen T, Thygesen A, Mehmood S, Madsen B, Hughes M (2012) Mechanical processing of
bast fibres: the occurrence of damage and its effect on fibre structure. Ind Crops Prod 39:7–11

130 L. Sisti et al.

http://flaxcomposites.com
http://frontierculturemuseum.blogspot.it/2012/08/retting-flax.html
http://frontierculturemuseum.blogspot.it/2012/08/retting-flax.html


Hassan ML (2003) Recycling of jute textile in phenol formaldehyde–jute composites. J Appl
Polym Sci 90:3588–3593

Henriksson G, Akin DE, Hanlin RT, Rodriguez C, Archibald DD, Rigsby LL, Eriksson KL (1997)
Identification and retting efficiencies of fungi isolated from dew-retted flax in in the United
States and Europe. Appl Environ Microbiol 63:3950–3956

Hobson RN, Hepworth DG, Bruce DM (2001) Quality of fibre separated from unretted hemp
stems by decortication. J Agric Eng Res 78:153–158

Hossain MR, Islam MA, Vuurea AV, Verpoest I (2013) Effect of fiber orientation on the tensile
properties of jute epoxy laminated composite. J Sci Res 5:43–54

Hu RH, Lim JK, Kim CI, Yoon HC (2007) Biodegradable composites based on polylactic acid
(PLA) and China jute fiber. Key Eng Mater 353–358:1302–1305

Hu RH, Ma ZG, Zheng S, Li YN, Yang GH, Kim HK, Lim JK (2012a) A fabrication process of
high volume fraction of jute fiber/polylactide composites for truck liner. Int J Precis Eng Man
13:1243–1246

Hu W, Ton-That MT, Denault J, Rho D, Yang J, Lau PCK (2012b) Comparison between
dew-retted and enzyme-retted flax fibers as reinforcing material for composites. Polym Eng Sci
52:165–171

Huda S, Yang Y (2008) Chemically extracted cornhusk fibers as reinforcement in light-weight
poly(propylene) composites. Macromol Mater Eng 293:235–243

Huges M, Sèbe G, Hague J, Hill C, Spear M, Mott L (2000) An investigation into the effects of
micro-compressive defects on interphase behaviour in hemp-epoxy composites using
half-fringe photoelasticity. Compos Interface 7:13–29

Hughes M, Hill CAS, Hague JRB (2002) The fracture toughness of bast fibre reinforced polyester
composites part 1 evaluation and analysis. J Mater Sci 37:4669–4676

Hurren CJ, Wang X, Dennis HGS, Clarke AFK (2002) Evaluation of bast fibre retting systems on
hemp. In: Proceedings of the 82nd Textile Institute World Conference, Cairo, Egypt

Iyer PV, Wu Z-W, Kim SB, Lee YY (1996) Ammonia recycled percolation process for
pretreatment of herbaceous biomass. Appl Biochem Biotechnol 57–58:121–132

Jankauskiene Z, Butkute B, Gruzdeviene E, Ceseviciene J, Fernando AL (2015) Chemical
composition and physical properties of dew- and water-retted hemp fibers. Ind Crops Prod
75:206–211

Jayani RS, Saxena S, Gupta R (2005) Microbial pectinolytic enzymes: a review. Process Biochem
40:2931–2944

Kafi AA, Magniez K, Fox BL (2011) A surface-property relationship of atmospheric plasma
treated jute composites. Compos Sci Technol 71:1692–1698

Kapoor M, Beg QK, Bhushan B, Singh K, Dadich KS, Hoondal GS (2001) Application of alkaline
and thermostable galacturonase from Bacillus sp. MG-cp-2 in degumming of ramie
(Boehmeria nivea) and sunn hemp (Crotolaria juncia) bast fibers. Process Biochem 36:803–
807

Kawahara Y, Tadokoro K, Endo R, Shioya M, Sugimura Y, Furusawa T (2005) Chemically retted
kenaf fibers. Sen’I Gakkaishi 61:115–117

Keller A (2003) Compounding and mechanical properties of biodegradable hemp fibre composites.
Compos Sci Technol 63:1307–1316

Kengkhetkit N, Amornsakchai T (2012) Utilisation of pineapple leaf waste for plastic
reinforcement: 1. A novel extraction method for short pineapple leaf fiber. Ind Crops Prod
40:55–61

Kessler RW, Becker U, Kohler R, Goth B (1998) Steam explosion of flax—a superior technique
for upgrading fibre value. Biomass Bioenergy 14:237–249

Kim TH, Kim JS, Sunwoo C, Lee YY (2003) Pretreatment of corn stover by aqueous ammonia.
Bioresource Technol 90:39–47

Kim TH, Taylor F, Hicks KB (2008) Bioethanol production from barley hull using SAA (soaking
in aqueous ammonia) pretreatment. Bioresource Technol 99:5694–5702

Klinke HB, Ahring BK, Schmidt AS, Thomsen AB (2002) Characterization of degradation
products from alkaline wet oxidation of wheat straw. Bioresource Technol 82:15–26

Retting Process as a Pretreatment of Natural Fibers … 131



Konczewicz W, Wojtysiak J (2015) The effect of physical factors on the process of
physical-mechanical degumming of flax fibers. Text Res J 85:391–403

Kootstra AMJ, Beeftink HH, Scott EL, Sanders JPM (2009) Comparison of dilute mineral and
organic acid pretreatment for enzymatic hydrolysis of wheat straw. Biochem Eng J 46:126–131

Kouhoundè SHS, Adeati K, Delvigne F, Savadogo A, Traore AS, Thonart P (2014) The use of
Microrganisms of cassava retting for the production of pectinolytic enzymes. J Microbiol
Biotech Food Sci 4:277–281

Kozlowski R, Konczewicz W, Wojtysiak J, Podsiedlik W (2013) Device for processing fibrous
raw materials and method of fibrous plants processing. European Patent EP 2 242 876 B1

Leman Z, Sapuan SM, Ishak MR, Ahmad MMHM (2010) Pre-treatment by water retting to
improve the interfacial bonding strength of sugar palm fiber reinforced epoxy composite.
Polymers from Renewable Resources 1:35–45

Li Y, Pickering KL, Farrell RL (2009) Analysis of green hemp fibre reinforced composites using
bag retting and white rot fungal treatments. Ind Crops Prod 29:420–426

Liu M, Fernando D, Meyer AS, Madsen B, Daniel G, Thygesen A (2015a) Characterization and
biological depectinization of hemp fibers originating from different stem sections. Ind Crops
Prod 76:880–891

Liu M, Fernando D, Daniel G, Madsen B, Meyer AS, Tutor Ale M, Thygesen A (2015b) Effect of
harvest time and field retting duration on the chemical composition, morphology and
mechanical properties of hemp fibers. Ind Crops Prod 69:29–39

Mahato DN, Mathur BK, Bhattacherjee S (1993) Effects of alkali treatment on electrical and
spectral properties of coir fibre. J Mater Sci Lett 12:1350–1353

Mahato DN, Mathur BK, Bhattacherjee S (1995) Effects of alkali treatment on thermal stability
and moisture retention of coir fibre. Indian J Fibre Text 20:202–205

Martin N, Mouret N, Davies P, Baley C (2013) Influence of the degree of retting of flax fibers on
the tensile properties of single fibers and short fiber/polypropylene composites. Ind Crops Prod
49:755–767

Mehta G, Drzal LT, Mohanty AK, Misra M (2006) Effect of fiber surface treatment on the
properties of biocomposites from nonwoven industrial hemp fiber mats and unsaturated
polyester resin. J Appl Polym Sci 99:1055–1068

Miller SA (2013) Sustainable polymers: opportunities for the next decade. ACS Macro Lett 2:
551–554

Mohnen D (2008) Pectin structure and biosynthesis. Curr Opin Plant Biol 11:266–277
Molina SMG, Pelissari FA, Vitorello CBM (2001) Screening and genetic improvement of

pectinolytic fungi for degumming of textile fibers. Braz J Microbiol 32:320–326
Mounika M, Ramaniah K, Prasad AVR, Rao KM, Reddy KHC (2012) Thermal conductivity

characterization of bamboo fiber reinforced polyester composite. J Mater Environ Sci 3
(6):1109–1116

Munshii TK, Cathoo B (2008) Bacterial population structure of the jute retting environment.
Microbial Ecol 56:270–282

Mwaikambo LY, Ansell MP (2003) Hemp fibre reinforced cashew nut shell liquid composites.
Compos Sci Technol 63:1297–1305

Nuplex (2014) www.nuplex.com/composites/processes
Oksman K, Skrifvars M, Selin JF (2003) Natural fibres as reinforcement in polylactic acid

(PLA) composites. Compos Sci Technol 63:1317–1324
Oladele IO, Agbabiaka OG (2015) Investigating the influence of mercerization treatment of sisal

fiber on the mechanical properties of reinforced polypropylene composites and modeling of the
properties. Fiber Polym 16:650–656

Oladele IO, Daramola OO, Fasooto S (2014) Effect of chemical treatment on the mechanical
properties of sisal fibre reinforced polyester composites. Leonardo Electron J Pract Technol
24:1–12

Ouajai S, Shanks RA (2005) Morphology and structure of fiber after bioscouring. Macromol
Biosci 5:124–134

132 L. Sisti et al.

http://www.nuplex.com/composites/processes


Pallesen BE (1996) The quality of combine-harvested fibre flax for industrials purpuses depends
on the degree of retting. Ind Crops Prod 5:65–78

Parikh DV, Calamari TA, Sawhney APS, Blanchard EJ, Screen FJ, Warnock M, Muller DH,
Stryjewski DD (2002a) Improved chemical retting of kenaf fibers. Text Res J 72:618–624

Parikh DV, Calamari TA, Swahney APS, Blanchard EJ, Screen FJ (2002b) Thermoformable
automotive composites containing kenaf and other cellulosic fibers. Text Res J 72:668–672

Pickering KL, Farrell RL, Lay MC (2007a) Interfacial modification of hemp fiber reinforced
composites using fungal and alkali treatment. J Biobased Mater Bio 1:109–117

Pickering KL, Beckermann GW, Alam SN, Foreman NJ (2007b) Optimising industrial hemp fibre
for composites. Compos Part A-Appl S 38:461–468

Pillin I, Kervoelen A, Bourmaud A, Goimard J, Montrelay N, Baley C (2011) Could oleaginous
flax fibers be used as reinforcement for polymers? Ind Crops Prod 34:1556–1563

Prasad AVR, Rao KM (2011) Mechanical properties of natural fibre reinforced polyester
composites: Jowar, sisal and bamboo. Mater Design 32:4658–4663

Prasad AVR, Rao KM, Gupta AVSSKS, Reddy BV (2011) A Study on flexural properties of
wildcane grass fiber-reinforced polyester composites. J Mater Sci 46:2627–2634

Prasad GLSR, Kumar MVHS, Rajesh G (2014) Effect of fibre loading and successive alkali
treatments on tensile properties of short jute fibre reinforced polypropylene composites. Int J
Eng Sci 3:30–34

Praveen KM, Thomas S, Grohens Y, Mozetič M, Junkar I, Primc G, Gorjanc M (2016)
Investigations of plasma induced effects on the surface properties of lignocellulosic natural coir
fibres. Appl Surf Sci 368:146–156

Ramesh D, Ayre BG, Webber CL, D’Souza NA (2015) Dynamic mechanical analysis, surface
chemistry and morphology of alkali and enzymatic retted kenaf fibers. Text Res J 85:2059–
2070

Ramnath BV, Kokan SJ, Raja RN, Sathyanarayanan R, Elanchezhian C, Prasad AR,
Manickavasagam VM (2013) Evaluation of mechanical properties of abaca–jute–glass fibre
reinforced epoxy composite. Mater Design 51:357–366

Rao KMM, Prasad AVR, Babu MNVR, Rao KM, Gupta AVSSKS (2007) Tensile properties of
elephant grass fiber reinforced polyester composites. J Mater Sci 42:3266–3272

Rao KMM, Rao KM, Prasad AVR (2010) Fabrication and testing of natural fibre composites:
Vakka, sisal, bamboo and banana. Mater Design 31:508–513

Retting the flax (2014) https://blumenkinderheirlooms.wordpress.com/2014/08/30/retting-the-flax/
Ribeiro A, Pochart P, Day A, Mennuni S, Bono P, Baret JL, Spadoni JL, Mangin I (2015)

Microbial diversity observed during hemp retting. Appl Microbiol Biothechnol 99:4471–4484
Ridley BL, O’Neill MA, Mohnen D (2001) Pectins: structure, biosynthesis, and

oligogalacturonide-related signaling. Phytochemistry 57:929–967
Roe PJ, Ansell MP (1985) Jute-reinforced polyester composites. J Mater Sci 20:4015–4020
Sakai T, Sakamoto T, Hallaert J, Vandamme EJ (1993) Pectin, pectinaseand protopectinase:

production, properties and applications. Adv Appl Microbiol 39:231–294
Salentijn EMJ, Zhang Q, Amaducci S, Yang M, Trindad LM (2015) New developments in fiber

hemp (Cannabis sativa L.) breeding. Ind Crops Prod 68:32–41
Sature P, Mache A (2015) Mechanical characterization and water absorption studies on jute/hemp

reinforced hybrid composites. Am J Mater Sci 5:133–139
Satyanarayana KG, Arizaga GGC, Wypych F (2009) Biodegradable composites based on

lignocellulosic fibers-an overview. Progr Polym Sci 34:982–1021
Scalici T, Fiore V, Valenza A (2016) Effect of plasma treatment on the properties of Arundo donax

L. leaf fibres and its bio-based epoxy composites: a preliminary study. Composites Part B-Eng
94:167–175

Sharma HSS (1986) An alternative method of flax retting during dry weather. Ann Appl Biol
109:605–611

Sharma HSS, Faughey G, Lyons G (1999) Comparison of physical, chemical, and thermal
characteristics of water-, dew-, and enzyme-retted flax fibers. J Appl Polym Sci 74:139–143

Retting Process as a Pretreatment of Natural Fibers … 133

https://blumenkinderheirlooms.wordpress.com/2014/08/30/retting-the-flax/


Sheng W, Gao J, Jin Z, Dai H, Zheng L, Wang B (2014) Effect of steam explosion on degumming
efficiency and physicochemical characteristics of banana fiber. J Appl Polym Sci 131:40598–
44606

Shi J, Shi SQ, Barnes HM, Pittman CU Jr (2011a) A chemical process for preparing cellulosic
fibers hierarchically from kenaf bast. BioRes 6:879–890

Shi J, Shi SQ, Barnes HM, Horstemeyer MF, Wang G (2011b) Kenaf bast fibers—part II:
inorganic nanoparticle impregnation for polymer composites. Int J Polym Sci 2011:1–7

Silva GG, De Souza DA, Machado JC, Hourston DJ (2000) Mechanical and thermal
characterization of native Brazilian coir fiber. J Appl Polym Sci 76:1197–1206

Singh SA, Ramakrishna M, Rao AGA (1999) Optimization of downstream processing parameters
for the recovery of pectinase from the fermented broth of Aspergillus Carbonarious. Process
Biochem 35:411–417

Sisti L, Totaro G, Vannini M, Fabbri P, Kalia S, Zatta A, Celli A (2016) Evaluation of the retting
process as a pre-treatment of vegetable fibers for the preparation of high-performance polymer
biocomposites. Ind Crops Prod 81:56–65

Song KH, Kim IS (2013) Effects of plasticizer on the mechanical properties of kenaf/starch
bio-composites. Fiber Polym 14:2135–2140

Stamboulis A, Baillie CA, Garkhail SK, Van Melick HGH, Peijs T (2000) Environmental
durability of flax fibres and their composites based on polypropylene matrix. Appl Compos
Mater 7:273–294

Sun Y, Cheng J (2002) Hydrolysis of lignocellulosic materials for ethanol production: a review.
Bioresource Technol 83:1–11

Tahir P, Ahmed AB, Saifulazry SOA, Ahmed Z (2011) Retting process of some bast plant fibres
and its effect on fibre quality: a review. BioResources 6:5260–5281

Tamburini E, Gordillo León A, Perito B, Di Candilo M, Mastromei G (2004) Exploitation of
bacterial pectinolytic strains for improvement of hemp water retting. Euphytica 140:47–54

Tamburini E, Leon AG, Perito B, Mastromei G (2003) Characterization of pectinolytic strains
involved in the water retting process. Environ Microbiol 5:730–736

Thomas S, Paul SA, Pothan LA, Deepa B (2011) Natural fibres: structure, properties and
applications. In: Kalia S, Kaith BS, Kaur I (eds) Cellulose fibers: bio- and nano-polymer
composites. Springer, Berlin

Thomsen AB, Thygesen A, Bohn V, Vad Nielsen K, Pallesen B, Jørgensen MS (2006) Effect of
chemical-physical pretreatment processes on hemp fibres for reinforcement of composites and
for textiles. Ind Crops Prod 24:113–118

Umoru PE, Boryo DEA, Aliyu AO, Adeyemi OO (2014) Processing and evaluation of chemically
treated kenaf bast (Hibiscus cannabinus). Int J Sci Technol Res 3:1–6

Van Dam JEG, Bos HL (2004) The environmental impact of fibre crops in industrial applications.
Hintergrundpapier zu

Van de Velde K, Baetens E (2001) Thermal and mechanical properties of flax fibres as potential
composite reinforcement. Macromol Mater Eng 286:342–349

Van de Weyenberg I, Ivens J, De Coster A, Kino B, Baetens E, Verpoest I (2003) Influence of
processing and chemical treatment of flax fibres on their composites. Compos Sci Technol
63:1241–1246

Van de Weyenberg I, Truong TC, Vangrimde B, Verpoest I (2006) Improving the properties of
UD flax fibre reinforced composites by applying an alkaline fibre treatment. Composi Part
A-Appl S 37:1368–1376

Van der Werf HMG, Turunen L (2008) The environmental impacts of the production of hemp and
flax textile yarns. Ind Crops Prod 27:1–10

Van Sumere CF (1992) Retting of flax with special reference to enzyme retting. In: Sharma HSS,
Van Sumere CF (eds) The biology and processing of flax. M. Publications, Belfast

Vignon MR, Dupeyre D, Garcia-Jaldon C (1996) Morphological characterization of steam
exploded hemp fibers and their utilization in polypropylene-based composites. Bioresource
Technol 58:203–215

134 L. Sisti et al.



Wang YP, Wang G, Cheng HT (2010) Structure of bamboo fiber for textiles. Text Res J 80:
334–343

Weald & Downland Open Air Museum (2016) www.wealddown.co.uk
Xia C, Zhang S, Shi SQ, Cai L, Huang J (2016) Property enhancement of kenaf fiber reinforced

composites by in situ aluminum hydroxide impregnation. Ind Crops Prod 79:131–136
Xiao Z, Wang S, Bergeron H, Zhang J, Lau PCK (2008) A flax retting

endopolygalacturolase-encoding gene from Rhizopus oryzae. Antonie Van Leeuwenhoek
94:563–571

Xu X, Wang Y, Zhang X, Jing G, Yu D, Wang S (2006) Effects on surface properties of natural
bamboo fibers treated with atmospheric pressure argon plasma. Surf Interface Anal 38:
1211–1217

Yan L, Chouw N, Jayaraman K (2014) Flax fibre and its composites—a review. Compos Part
B-Eng 56:296–317

Yang B, Nar M, Visi DK, Allen M, Ayre B, Webb er CL III, Lu H, D’Souza NA (2014) Effects of
chemical versus enzymatic processing of kenaf fibers on poly(hydroxybutyrate-co-valerate)/
poly(butylene adipate-co-terephthalate) composite properties. Compos Part B-Eng 56:926–933

Zhang J, Henriksson G, Johanssson G (2000) Polygalacturonase is the key component in
enzymatic retting of flax. J Biotechnol 81:85–89

Zhang L, Li D, Wang L, Wang T, Zhang L, Chen KD, Mao Z (2008a) Effect of steam explosion on
biodegradation of lignin in wheat straw. Bioresource Technol 99:8512–8515

Zhang LL, Zhu RY, Chen JM, Feng XX (2008b) Seawater-retting treatment of hemp and
characterization of bacterial strains involved in the retting process. Process Biochem 43:
1195–1201

Zheng L, Du Y, Zhang J (2001) Degumming of Ramie fibers by alkalophilic bacteria and their
polysaccharide-degrading enzymes. Bioresource Technol 78:89–94

Retting Process as a Pretreatment of Natural Fibers … 135



http://www.springer.com/978-3-319-68695-0


	2 Retting Process as a Pretreatment of Natural Fibers for the Development of Polymer Composites
	Abstract
	1 Introduction
	2 Plant Fibers as Renewable Resources for Polymer Composites
	3 The Retting Techniques
	3.1 Microbiological Retting
	3.1.1 Dew Retting
	3.1.2 Water Retting

	3.2 Enzymatic Retting
	3.3 Mechanical Retting
	3.4 Physical Retting
	3.5 Chemical Retting

	4 Retted Fibers in Polymer Composites Application
	4.1 Flax
	4.2 Hemp
	4.3 Kenaf
	4.4 Jute
	4.5 Other

	5 Conclusions and Future Prospectives
	References


