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In recent years, natural fibers reinforced composites
have received much attention because of their light-
weight, nonabrasive, combustible, nontoxic, low cost
and biodegradable properties. Among the various natu-
ral fibers; flax, bamboo, sisal, hemp, ramie, jute, and
wood fibers are of particular interest. A lot of research
work has been performed all over the world on the use
of natural fibers as a reinforcing material for the prepa-
ration of various types of composites. However, lack of
good interfacial adhesion, low melting point, and poor
resistance towards moisture make the use of natural
fiber reinforced composites less attractive. Pretreat-
ments of the natural fiber can clean the fiber surface,
chemically modify the surface, stop the moisture absorp-
tion process, and increase the surface roughness. Among
the various pretreatment techniques, graft copolymer-
ization and plasma treatment are the best methods for
surface modification of natural fibers. Graft copolymers
of natural fibers with vinyl monomers provide better
adhesion between matrix and fiber. In the present arti-
cle, the use of pretreated natural fibers in polymer
matrix-based composites has been reviewed. Effect of
surface modification of natural fibers on the properties
of fibers and fiber reinforced polymer composites has
also been discussed. POLYM. ENG. SCI., 49:1253–1272,
2009. ª 2009 Society of Plastics Engineers

INTRODUCTION

Emergence of polymers in the beginning of the 19th

century ushered a new era of research with a new option

of using the natural fibers in more diversified fields. At

the same time interest in synthetic fibers, because of its

superior dimensional and other properties gained popular-

ity and slowly replaced the natural fibers in different

applications. However, change in the raw material and

production of synthetic composites required a large quan-

tum of energy and quality of environment suffered because

of the pollution generated during the production and recy-

cling of these synthetic materials. This has once again

drawn the attention towards natural fibers due to their dis-

tinct advantages. Thus, the renewed interest in the natural

fibers has resulted in a large number of modifications to

bring it at par and even superior to synthetic fibers. Because

of such tremendous changes in the quality of natural fibers,

they are fast emerging as a reinforcing material in compo-

sites. Considering the high performance standard of com-

posite materials in terms of durability, maintenance and

cost effectiveness, applications of natural fiber reinforced

composites as construction material in creating built envi-

ronment holds the enormous potential and are critical for

achieving sustainability.

Natural fibers found to have extensive applications in

building and civil engineering fields. In case of synthetic

fiber based composites, despite the usefulness in service,

these are difficult to be recycled after designed service

life. However, natural fiber based composites are environ-

ment friendly to a large extent. Though hydrophilic char-

acter of natural fibers would leads to composites with weak

interface but pretreatments of natural fibers are aimed at

improving the adhesion between fibers and matrix. In pre-

treatments, either hydroxyl groups get activated or new

moieties are added that can effectively interlock with the

matrix [1–11].

NATURAL FIBERS: STRUCTURE, PROPERTIES,
AND APPLICATIONS

Natural fibers can be classified according to their ori-

gin and grouped into leaf: abaca, cantala, curaua, date

palm, henequen, pineapple, sisal, banana; seed: cotton;

bast: flax, hemp, jute, ramie; fruit: coir, kapok, oil palm;
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grass: alfa, bagasse, bamboo and stalk: straw (cereal). The

bast and leaf (the hard fibers) types are the most com-

monly used in composite applications [12, 13]. Com-

monly used plant fibers are cotton, jute, hemp, flax, ramie,

sisal, coir, henequen and kapok. The largest producers of

sisal in the world are Tanzania and Brazil. Henequen is

produced in Mexico whereas abaca and hemp in Philip-

pines. The largest producers of jute are India, China and

Bangladesh. Natural fibers have so many advantages such

as abundantly available, low weight, biodegradable,

cheaper, renewable, low abrasive nature, interesting spe-

cific properties, as these are waste biomass and exhibit

good mechanical properties [14–21]. Natural fibers also

have some disadvantages such as moisture absorption,

quality variations, low thermal stability and poor compati-

bility with the hydrophobic polymer matrix [22–24].

Natural plant fibers are constitutes of cellulose fibers,

consisting of helically wound cellulose micro fibrils,

bound together by an amorphous lignin matrix. Lignin

keeps the water in fibers, acts as a protection against bio-

logical attack and as a stiffener to give stem its resistance

against gravity forces and wind. Hemicellulose found in

the natural fibers is believed to be a compatibilizer

between cellulose and lignin [25]. The cell wall in a fiber

is not a homogenous membrane (see Fig. 1) [26]. Each

fiber has a complex, layered structure consisting of a thin

primary wall which is the first layer deposited during cell

growth encircling a secondary wall. The secondary wall is

made up of three layers and the thick middle layer deter-

mines the mechanical properties of the fiber. The middle

layer consists of a series of helically wound cellular

microfibrils formed from long chain cellulose molecules.

The angle between the fiber axis and the microfibrils is

called the microfibrillar angle. The characteristic value of

microfibrillar angle varies from one fiber to another.

These microfibrils have typically a diameter of about 10–

30 nm and are made up of 30–100 cellulose molecules in

extended chain conformation and provide mechanical

strength to the fiber.

The properties of natural fibers are affected by many

factors such as variety, climate, harvest, maturity, retting

degree, decortications, disintegration (mechanical, steam

explosion treatment), fiber modification, textile and tech-

nical processes (spinning and carding) [27]. To understand

the properties of natural fiber-reinforced composite mate-

rials, it becomes necessary to know the mechanical, phys-

ical and chemical properties of natural fibers. Flax fibers

are relatively strong fibers as compared with other natural

fibers. The tensile strength of elementary fibers is in the

region of 1500 MPa and for technical fibers a value of

circa 800 MPa was observed at 3-mm clamp length [28].

Baley [29] and Lamy and Baley [30] investigated the

modulus of flax fibers. The modulus of elementary fibers

is dependent on the diameter of fiber and it ranges from

39 GPa for fibers having diameter approximately 35 lm
to 78 GPa for fibers having 5-lm diameter. This variation

is related to the variation in relative lumen size between

fibers having different diameter. An average Young’s

modulus of 54 GPa was observed after numerous tensile

tests on single flax fibers and the results are within the

range of moduli measured on technical fibers. The mech-

anical, chemical and physical properties of plant fibers are

strongly harvest dependent, influenced by climate, loca-

tion, weather conditions and soil characteristics. These

properties are also affected during the processing of fiber

such as retting, scotching, bleaching and spinning [31].

Natural fibers have relatively high strength, high stiff-

ness, and low density [32]. The characteristic value for

soft-wood-Kraft-fibers and flax has been found close to

the value for E-glass fibers. Different mechanical proper-

ties can be incorporated in natural fibers during process-

ing period. The fiber properties and structure are influ-

enced by several conditions and varies with area of

growth, its climate and age of the plant [33]. Technical

digestion of the fiber is another important factor which

determines the structure and characteristic value of fiber.

The elastic modulus of the bulk natural fibers such as

wood is about 10 GPa. Cellulose fibers with moduli up to

40 GPa can be separated from wood by chemical pulping

process. Such fibers can be further subdivided into micro

fibrils within elastic modulus of 70 GPa. Theoretical cal-

culations of elastic moduli of cellulose chain have been

given values upto 250 GPa. However, no technology is

available to separate these from microfibrils [34]. The ten-

sile strength of natural fibers depends upon the test length

of the specimen which is of main importance with respect

to reinforcing efficiency. Kohler and Welder [35], Mieck

et al. [36] and Mukherjee and Sathyanarayana [37]

reported that tensile strength of flax fiber is significantly

more dependent on the length of the fiber. In comparison

to this, the tensile strength of pineapple fiber is less de-

pendent on the length, whereas the scatter of the meas-

ured values for both is located mainly in the range of the

standard deviation. The properties of flax fiber are con-

trolled by the molecular fine structure of the fiber which

is affected by growing conditions and the fiber processing

FIG. 1. Structure of natural fiber [26].
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techniques used. Flax fibers possess moderately high spe-

cific strength and stiffness.

Quality and other properties of fibers depend on factors

such as size, maturity and processing methods adopted for

the extraction of fibers. Properties such as density, electri-

cal resistivity, ultimate tensile strength and initial modulus

are related to the internal structure and chemical composi-

tion of fibers [32]. Desirable properties for fibers include

excellent tensile strength and modulus, high durability,

low bulk density, good moldability and recyclability.

Table 1 shows a comparison of properties of natural fibers

and conventional man-made fibers [1, 38].

In most of the applications, generally plant or vegeta-

ble fibers are used for the preparation of reinforced plastic

materials. During 1896, aeroplane seats and fuel-tanks

were made of natural fibers with a small content of poly-

meric binders [39]. As early as 1908, the first composite

materials were applied for the fabrication of large quanti-

ties of sheets, tubes and pipes for electronic purposes (pa-

per or cotton to reinforce sheets, made of phenol- or mel-

amine-formaldehyde resins). Earlier, textiles, ropes, can-

vas and also paper, were made of local natural fibers,

such as flax and hemp. India continued to use natural

fibers, mainly jute-fibers, as reinforcements for compo-

sites. Pipes, pultruded profiles, and panels with polyester

matrices, were produced with these fibers [40]. Natural

fibers, as construction materials for buildings were known

long before. Government of India promoted large projects

where jute reinforced polyester resins were used for build-

ings, e.g., the Madras-House, 1978 [41] and grain eleva-

tors. For centuries, mixtures of straw and loam, dried in

the sun, were employed as construction composites, e.g.,

in Egypt [39].

A renaissance in the use of natural fibers as reinforce-

ments in technical applications is taking place mainly in

the automobile and packaging industries (e.g., egg boxes).

In the automotive industry, textile waste has been used

for years to reinforce plastics used in cars [39]. A K-car-

series was planned for development by Mercedes, where

the ’‘K’’ stands for ’‘kraut’’ and ’‘compost’’ [42]. Local

European renewable fibers, such as flax and hemp, were

used for these cars. Ramie-fibers are examined too,

because of their specific properties [43] and for example

the components like door panels (moulded wood, natural

fiber mouldings, laminated panels) and car roofs (compo-

sites made of natural fiber-fleece-flax-with epoxy resins or

polyurethane) were developed [42, 44, 45]. The use of

flax-fibers in car disk-breaks to replace asbestos-fibers is

another example of technical applications of natural fibers

[46].

HYDROPHILIC CHARACTER OF
NATURAL FIBERS

Shortcomings associated with natural fibers have to

overcome before using them in polymer composites. The

most serious concerned problem with natural fibers is its

hydrophilic nature, which causes the fiber to swell and

ultimately rotting takes place through attack by fungi.

Natural fibers are hydrophilic as they are derived from

lignocellulose, which contain strongly polarized hydroxyl

groups. These fibers, therefore, are inherently incompati-

ble with hydrophobic thermoplastics, such as polyolefins.

The major limitations of using these fibers as reinforce-

ments in such matrices include poor interfacial adhesion

between polar-hydrophilic fiber and nonpolar-hydrophobic

matrix. Moreover, difficulty in mixing because of poor

wetting of the fiber with the matrix is another problem

that leads to composites with weak interface [47].

A possible solution to improve the fiber polymer inter-

action is by using competibilizers and adhesion promoters

which reduce the moisture absorption. Surface treatments

of the fiber with silane make the fiber more hydrophobic

[32, 48–50].

To reduce the moisture absorption, the fiber has to be

changed chemically and physically. Hydrothermal treat-

ment is one of the approaches to reduce moisture absorp-

tion of natural fibers, which can increase the crystallinity

of cellulose and therefore, contributes to a reduced mois-

ture uptake. Moreover, on hydrothermal treatment, a part

of hemi-cellulose is extracted thereby decreasing the

moisture absorbance [51–59]. Duralin process can be used

to improve the quality of natural fibers. It has got a num-

ber of advantages such as no dew retting required,

increased fiber yield, improved fiber quality consistency,

reduced swelling and resistance from moisture, increased

thermal stability, improved resistance to fungus and better

mechanical properties [51–54].

PROCESSING TECHNIQUES OF
NATURAL FIBERS

Fiber processing technology like microbial deteriora-

tion and system explosion plays an important role in

improving the quality of fibers. Microbial deterioration of

the material depends on the environmental conditions.

TABLE 1. Comparative properties of natural fibers and conventional

man-made fibers [1, 38].

Fiber

Density

(g/cm3)

Diameter

(lm)

Tensile

strength

(MPa)

Young’s

modulus

(GPa)

Elongation

at break

(%)

Jute 1.3–1.45 20–200 393–773 13–26.5 7–8

Flax 1.5–3 – 45–1100 27.6 2.7–3.2

Hemp – – 690 – 1.6

Ramie 1.5 – 400–938 61.4–128 1.2–3.8

Sisal 1.45 50–200 468–640 9.4–22 3–7

Palf – 20–80 413–1627 34.5–82.51 1.6

Cotton 1.5–1.6 – 287–800 5.5–12.6 7–8

Coir 1.15 100–450 131–175 4–6 15–40

E-glass 2.5 – 2000–3500 70 2.5

S-glass 2.5 – 4570 86 2.8

Aramid 1.4 – 3000–3150 63–67 3.3–3.7

Carbon 1.7 – 4000 230–240 1.4–1.8
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The condition reached thereby are decisive for the energy

necessary for delignification and fibrillation and thus also

for the attainable fiber masses. To obtain a value gain, the

more important is to retain the super molecular structure

of the fibers. The traditional microbial deterioration pro-

cess is one of the most important prerequisite. However,

this deterioration process can be partly replaced by the lat-

est chemico-physical processes [35]. In new steam explo-

sion method, steam and additives under pressure and with

increased temperature, penetrate the space between fibers

of the bundle, because of which the middle lamella and

the fibers adherent substances are elementarised softly and

are made water soluble which can be removed by subse-

quent washing and rinsing. Market-prices for natural fibers

are crucial factor though the natural fibers are of better

strength but they are about 30% more expensive than

glass fibers. Further the cost of the fiber depends on the

extent of preparation and pretreatment such as size finish-

ing including a coupling agent and other surfactants [60].

VALUE-IN-USE OF NATURAL FIBER
REINFORCED COMPOSITES

The natural fibers such as flax or sisal have relatively

high stiffness and are low in cost but the disadvantages

are their relatively high-moisture sensitivity and high vari-

ability of diameter and length. Though the additional pro-

cess required to reduce the moisture sensitivity of natural

fibers raises their cost but may still afford and may be

overall cost effective product. Fiber problems can be

solved by using a hybrid reinforcement i.e., based on an

environment friendly glass fibers and a natural reinforcing

fiber possessing reduced moisture sensitivity.

Among the developed Nations, European Government

often directly support the initial research and development

phase of new technology which is derived from natural

fibers, natural plastics and composites thereof. On the

other hand, United State Government often directly sup-

port the basic research in Universities and Research Insti-

tutes that may essentially result in patentable technology

and that can subsequently be transferred to industry. How-

ever, among developing Nations, high value-in-use may

remain with increasing content of local material such as

application of natural fiber in the production of compo-

sites for the assembly of otherwise international products

e.g., a car. The composites reinforced with natural fibers

are commercially viable only if they have a higher value-

in-use in the same application as the incumbent materials

which they are going to replace. A new composite part

has a better value-in-use than the incumbent part if it has

the same functionality but is less costly and more envi-

ronment friendly [61].

PRETREATMENTS OF NATURAL FIBERS

The interest in using natural fibers in composites has

increased in recent years due their lightweight, nonabrasive,

combustible, nontoxic, low cost and biodegradable proper-

ties. However, lack of good interfacial adhesion, low melt-

ing point and poor resistance to moisture absorption, make

the use of natural fiber reinforced composites less attrac-

tive. Pretreatments of the fiber can clean the fiber surface,

chemically modify the surface, stop the moisture absorp-

tion process and increase the surface roughness [62].

As the natural fibers bear hydroxyl groups from cellulose

and lignin, therefore, they are amenable to modification.

The hydroxyl groups may be involved in the hydrogen

bonding within the cellulose molecules thereby reducing

the activity towards the matrix. Chemical modifications

may activate these groups or can introduce new moieties

that can effectively interlock with the matrix. Merceriza-

tion, isocyanate treatment, acrylation, permanganate treat-

ment, acetylation, silane treatment and peroxide treatment

with various coupling agents and other pretreatments of

natural fibers have achieved various levels of success in

improving fiber strength, fiber fitness and fiber-matrix

adhesion in natural fiber reinforced composites. Simple

chemical treatments can be applied to the fibers to change

surface tension and polarity through modification of fiber

surface [63]. Brief descriptions of some important fiber

chemical modifications are summarized in the following

subsections.

MERCERIZATION OF NATURAL FIBERS

Alkali treatment of natural fibers, also called merceriza-

tion, is the common method to produce high-quality fibers

(Scheme 1) [64].

Mercerization leads to fibrillation which causes the

breaking down of the composite fiber bundle into smaller

fibers. Mercerization reduces fiber diameter, thereby

increases the aspect ratio which leads to the development of

a rough surface topography that results in better fiber-

matrix interface adhesion and an increase inmechanical prop-

erties [65]. Moreover, mercerization increases the number

of possible reactive sites and allows better fiber wetting.

Mercerization has an effect on the chemical composition of

the flax fibers, degree of polymerization and molecular ori-

entation of the cellulose crystallites due to cementing sub-

stances like lignin and hemicellulose which were removed

during the mercerization process. As a result, mercerization

had a long-lasting effect on the mechanical properties of

flax fibers, mainly on fiber strength and stiffness [66].

Sreekala et al. [67] indicated that a 10–30% sodium

hydroxide solution produced the best effects on natural

fiber properties. Flax fibers were soaked into 2.5, 5, 10,

13, 15, 18, 20, 25, or 30% NaOH solutions and it was

found that 5, 18 or 10% of sodium hydroxide solution

were the appropriate concentrations for mercerization.

Jute fibers were treated with 5% alkali solution for 0, 2,

SCHEME 1. Mercerization of natural fibers.
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4, 6, and 8 hr at 308C by Ray et al. [64]. The fibers were

then dried at room temperature for 48 hr followed by

oven drying at 1008C for 6 hr. It has been reported by

Garcia et al. [68] that 2% alkali solution at 2008C and

1.5 MPa pressure for 90 s was suitable for degumming

and defibrillation to individual fibers.

Several workers have performed work on alkali treat-

ment [65, 67, 69, 70] and reported that mercerization

leads to an increase in the amount of amorphous cellulose

at the cost of crystalline cellulose and the removal of

hydrogen bonding in the network structure. The jute fibers

were washed with detergent (2 vol% in aqueous solution,

15% active matter) and then immersed in beakers with a

solution of 5 wt% NaOH for 24 hr at room temperature.

After that, the fibers were washed thoroughly with dis-

tilled water to remove the excess of NaOH and dried at

708C for 24 hr under vacuum [71]. The banana fibers

were cleaned and refluxed in 0.25% solution of NaOH for

1 hr and then washed in very dilute acid to remove the

nonreacted alkali. Washing was continued until the fibers

were alkali free. The washed fibers were then dried in an

oven at 708C for 3 hr [72].

ACETYLATION OF NATURAL FIBERS

To introduce plasticization to cellulosic fibers, acetyla-

tion of natural fibers is a well-known esterification

method [50, 73–78]. Acetylation is originally applied to

wood cellulose to stabilize the cell walls against moisture,

improving dimensional stability and environmental degra-

dation [73–78]. Pretreatment of fibers with acetic anhy-

dride substitutes the polymer hydroxyl groups of the cell

wall with acetyl groups, modifying the properties of these

polymers so that they become hydrophobic [75]. Acetyla-

tion is based on the reaction of cell wall hydroxyl groups

of lignocellulosic materials with acetic or propionic anhy-

dride at elevated temperature. Hydroxyl groups that react

with the reagent are those of lignin and hemicelluloses

(amorphous material), whereas the hydroxyl groups of

cellulose (crystalline material) are being closely packed

with hydrogen bonds, prevent the diffusion of reagent and

thus result in very low extents of reaction [79]. Acetic an-

hydride reacts with more reactive hydroxyl groups as per

the reaction shown in Scheme 2.

Acetylation is beneficial in reducing the moisture absorp-

tion of natural fibers. Reduction of about 50% moisture

uptake for acetylated jute fibers and of up to 65% for ace-

tylated pine fibers has been reported by Bledzki and Gas-

san [80]. Nair et al. [81] treated raw sisal fiber in 18%

NaOH solution, then in glacial acetic acid and finally in

acetic anhydride containing two drops of concentrated

H2SO4 for a period of 1 hr. Mishra et al. [82] investigated

the acetylation of sisal fibers. Dewaxed sisal fiber was

immersed in 5 and 10% NaOH solution for 1 hr at 308C;
the alkaline-treated fiber was soaked in glacial acetic acid

for 1 hr at 308C; it was decanted and soaked in acetic

anhydride containing one drop of concentrated H2SO4 for

5 min.

ETHERIFICATION OF NATURAL FIBERS

Modification of cellulosic fibers by etherification enhan-

ces certain new ranges of properties and makes it more

useful and acceptable in diversified applications [83].

Sodium hydroxide plays an important role in forming a

charged intermediate species with the fiber, which allows

the faster nucleophilic addition of epoxides, alkyl halides,

benzyl chloride, acrylonitrile, and formaldehyde (Schemes

3 and 4) [84].

Epoxides, like epichlorohydrin, have a strained ring (3,

4-member) containing oxygen that creates electron with-

drawal from adjacent carbons. This arrangement makes

epoxides relatively reactive with alcohol containing mole-

cules like cellulose. Rowell and Chen [85] reported the

reaction of epichlorohydrin with wood preservatives like

pentachlorophenol and thereby resulting in modification

of wood. Ohkoshi [86] bonded two wood surfaces to-

gether by hot pressing the modified wood by etherification

with allyl bromide. Results indicated that the shear

strength was similar to that of unmodified wood. Further-

more, grafting of styrene onto the allylated wood surface

[87] and effect of allylation on individual wood compo-

nents was also explored [88]. The thermo plasticization of

wood by benzyl chloride created a wood derivative that

could be pressed or extruded into films or molded prod-

ucts [89]. The key to this reaction was the pretreatment of

wood with a NaOH concentration greater than 25% at

temperatures greater than 908C to minimize hydrolysis of

wood components. Thermo-plasticization of wood [90]

SCHEME 2. Reaction of acetic anhydride with more reactive hydroxyl groups.

SCHEME 3. Role of NaOH in forming a charged intermediate species with the fiber.

SCHEME 4. Reaction schemes showing alkali catalyzed reaction of cellulose with alkyl halide.
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and bagasse [91] was achieved at lower reaction tempera-

tures using lower alkali pretreatment concentration. In

another study of cyanoethylation of wood pulp and cotton

results that wood pulp was more reactive because of a

lower degree of polymerization [92].

PEROXIDE TREATMENT OF NATURAL FIBERS

Peroxide treatment of cellulose fiber has attracted the

attention of various researchers due to easy processability

and improvement in mechanical properties. Organic per-

oxides tend to decompose easily to free radicals (RO.),

which further react with the hydrogen group of the matrix

and cellulose fibers. Scheme 5 shows the peroxide treat-

ment reaction proposed by Sreekala et al. [67].

In peroxide treatment, fibers are treated with 6% ben-

zoyl peroxide or dicumyl peroxide in acetone solution for

about 30 min after alkali pretreatment [67, 93, 94]. Flax

fibers were coated with dicumyl peroxide from acetone

solution after alkali pretreatments. Saturated solution of

the peroxide in acetone was used. Soaking of the fibers in

the solution was conducted at a temperature of 708C for

30 min. High-temperatures were favored for decomposi-

tion with the peroxide. The chemically treated fibers were

washed with distilled water and placed in an oven at

808C for 24 hr [95].

BENZOYLATION OF NATURAL FIBERS

In benzoylation treatment, benzoyl chloride is most of-

ten used in fiber pretreatment and inclusion of benzoyl

(C6H5C¼¼O) group in the fiber is responsible for the

decreased hydrophilic nature of the treated fiber [65].

A known amount of washed fibers (35 g) were soaked

in 18% NaOH solution for 30 min followed by filtration

and washing with water. The treated fiber was suspended

in 10% NaOH solution and agitated with 50-ml benzoyl

chloride. The reaction between the cellulosic ��OH group

of sisal fiber and benzoyl chloride is shown in Schemes 6

and 7 [65].

Joseph et al. [65] and Nair et al. [81] used NaOH and

benzoyl chloride (C6H5COCl) solution for surface treat-

ment of sisal fibers. The fiber was initially alkaline pre-

treated to activate the hydroxyl groups of the cellulose

and lignin in the fiber; then the fiber was suspended in

10% NaOH and benzoyl chloride solution for 15 min.

The isolated fibers were then soaked in ethanol for 1 hr to

remove the benzoyl chloride and finally was washed with

water and dried in the oven at 808C for 24 hr [96].

GRAFT COPOLYMERIZATION OF
NATURAL FIBERS

Graft copolymerization is an effective method of sur-

face chemical modification of natural fibers. In 1943, first

graft copolymer of vinyl and allyl ethers of cellulose

copolymerized with maleic acid ester appeared in the lit-

erature [97]. The concept of graft copolymer was actively

promoted by Mark [98] announcing new graft copolymers

and the field of graft copolymerization research was thor-

oughly renewed [99]. During 1960s and early 1970s, graft

copolymerization remains quite active and its potential

was reviewed in several books [100].

During last decades several methods have been sug-

gested for the preparation of graft copolymers by conven-

tional chemical techniques [100–102]. Creation of an

active site on the preexisting polymeric backbone is the

common feature of most methods for the synthesis of

graft copolymers. The active site may be either a free-

radical or a chemical group which may get involved in an

ionic polymerization or in a condensation process. Poly-

merization of an appropriate monomer onto this activated

back-bone polymer leads to the formation of a graft co-

polymer. Ionic polymerization has to be carried-out in

presence of anhydrous medium and/or in the presence of

considerable quantity of alkali metal hydroxide. Another

disadvantage with the ionic grafting is that low-molecular

weight graft copolymers are obtained whereas in case of

free radical grafting, high-molecular weight polymers can

be prepared. C2, C3, and C6 hydroxyls and C��H groups

are the active cites for grafting in cellulosics [Fig. 2].

Figure 3 shows the morphology of raw flax, flax-g-poly

(MMA) prepared in air, under pressure and under the

influence of microwave radiations [103]. A number of

methods can be used for the generation of active sites on

the polymeric backbone and can be described as: physical

method [104–105], chemical method [106–112], physico-

mechanical method [113], radiation method [114–116]

and enzymatic grafting [117–118].

The conventional techniques of grafting of natural fibers

require significant time and energy. The use of microwave

radiations technique to modify the properties of natural

fibers within the textile industry, although somewhat slow

and still rather limited, is finding its way into numerous

uses in production plants. Microwave radiation technique

reduces the extent of physicochemical stresses to which

the fibers are exposed during the conventional techniques

[119]. Kaith and Kalia [103] have reported the graft

copolymerization of flax fibers with vinyl monomers

SCHEME 5. Peroxide treatment of cellulosic fibers [67].

SCHEME 6. Alkaline pretreatment to activate cellulose��OH groups for benzoylation.
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under different reaction methods such as in air, under

pressure and under the influence of microwave radiations.

It has been found that grafting under microwave radia-

tions is the best method in terms of time consumption

and cost effectiveness. Grafting of methyl methacrylate

onto flax fiber was performed under different reaction con-

dition such as in air, under pressure and under the influence

of micro-wave radiations. Maximum percentage grafting

(41.7%) has been observed in case of graft copolymeriza-

tion performed in air at 558C followed by grafting under

pressure (36.4%) at 0.8 MPa and under the influence of

microwave radiations (24.6%) at 210 W microwave

power [103]. Optimum reaction conditions for getting

maximum graft yield in case of graft copolymerization of

MMA onto flax fiber in air (41.7%), under pressure

(36.4%) and under the influence of microwave radiations

(24.6%) were MMA (mol L21) ¼ 1.96 3 1023, FAS-

H2O2 (molar ratio) ¼ 1:6, temperature (8C) ¼ 55, time

(minutes) ¼ 120, pH ¼ 7.0; MMA (mol L21) ¼ 1.96 3

1023, FAS-H2O2 (molar ratio) ¼ 1:7, pressure (MPa) ¼
0.8, time (minutes) ¼ 120, pH ¼ 9.0 and MMA (mol

L21) ¼ 1.96 3 1023, FAS:H2O2 (molar ratio) ¼ 1:6, time

(minutes) ¼ 30, pH ¼ 7.0, respectively [103, 120].

EFFECT OF SILANE COUPLING AGENT ONTO
NATURAL FIBERS

Coupling agents usually improve the degree of cross-

linking in the interface region and offer a perfect bonding.

Among the various coupling agents, silane coupling

agents were found to be effective in modifying the natural

fiber-matrix interface. Efficiency of silane treatment was

high for the alkaline treated fiber than for the untreated

fiber because more reactive site can be generated for sil-

ane reaction. Therefore, fibers were pretreated with NaOH

for about half an hour before its coupling with silane.

Fibers were then washed many times in distilled water

and finally dried.

Silane coupling agents may reduce the number of cel-

lulose hydroxyl groups in the fiber-matrix interface. In the

presence of moisture, hydrolizable alkoxy group leads to

the formation of silanols. The silanol then reacts with the

hydroxyl group of the fiber, forming stable covalent bonds

to the cell wall that are chemisorbed onto the fiber surface

[121]. Therefore, the hydrocarbon chains provided by the

application of silane restrain the swelling of the fiber by

creating a cross-linked network because of covalent bond-

ing between the matrix and the fiber.

Silanes were effective in improving the interface proper-

ties [122–125]. Alkoxy silanes are able to form bonds with

hydroxyl groups. Fiber treatment with toluene dissocyanate

and triethoxyvinyl silane could improve the interfacial

properties. Silanes after hydrolysis undergo condensation

and bond formation stage and can form polysiloxane struc-

tures by reaction with hydroxyl group of the fibers. The

reactions are given in Schemes 8 and 9 [67].

In the presence of moisture, hydrolysable alkoxy group

leads to the formation of silanols. Hydrogen and covalent

bonding mechanisms could be found in the natural fiber-

silane system. It is understood that the hydrocarbon chains

provided by the silane application influenced the wet-abil-

ity of the fibers, thus improving the chemical affinity to

polyethylene. One percent of solution of three amino-

propyl trimethoxy silane in a solution of acetone and

water (50/50 by volume) for 2 hr was reportedly used to

modify the flax surface [5]. Rong et al. [26] soaked sisal

FIG. 2. Structure of cellulose.

FIG. 3. Scanning electron micrographs of flax fiber (a) Untreated (b)

Flax-g-poly(MMA)-IA (c) Flax-g-poly(MMA)-UP (d) Flax-g-poly(MMA)-

MWR [103].

SCHEME 7. Possible reaction between cellulosic��OH groups and benzoyl chloride [65].
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fiber in a solution of 2% aminosilane in 95% alcohol for

5 min at a pH value of 4.5–5.5 followed by 30 min air

drying for hydrolyzing the coupling agent. Silane solution

in water and ethanol mixture with concentration of 0.033

and 1% was also carried by Valadez et al. [126] and

Agrawal et al. [121] to treat henequen and oil palm fibers.

They modified the short henequén fibers with a silane cou-

pling agent to find out its deposition mechanism on the fiber

surface and the influence of this chemical treatment on the

mechanical properties of the composite. It was shown that

the partial removal of lignin and other alkali soluble com-

pounds from the fiber surface increases the adsorption of

the silane coupling agent whereas the formation of polysi-

loxanes inhibits this process. The existence of a chemical

bond between the coupling agent and the henequén fiber

was confirmed by XPS and FTIR spectroscopy.

ACRYLATION, MALEIC ANHYDRIDE, AND
TITANATE TREATMENT OF NATURAL FIBERS

Acrylation pretreatment of fibers is initiated by free

radicals of cellulose molecule. Many workers [67, 127,

128] have reported the acrylation treatment, maleated

polypropylene/maleic anhydride treatment and titanate

treatment of natural fibers. The treatment of natural fibers

with MAPP copolymer provides covalent bonds across

the interface. Through such treatment, the surface energy

of the fibers was increased, thereby providing better wet-

ability and high interfacial adhesion. Many other com-

pounds such as chromium complexes and titanates can be

used as coupling agents. Sreekala et al. [67, 94] used

acrylic acid in natural fiber surface modification. Oil palm

fibers were mixed with 10% NaOH for about 30 min and

then treated with a solution of acrylic acid at 508C for

1 hr at various concentrations. The fibers were washed

with aqueous alcoholic solution and dried. MAPP as cou-

pling agent for the surface modification of jute fibers was

used by Mohanty et al. [129]. They reported that 30%

fiber loading with 0.5% MAPP concentration in toluene

and 5 min impregnation time with 6 mm average fiber

length gave best results. It has been reported by Mishra

et al. [130] that maleic anhydride treatment reduced the

water absorption to a great extent in hemp, banana and

sisal fibers and their composites.

PERMANGANATE TREATMENT OF
NATURAL FIBERS

Pretreatments with permanganate are conducted by

using different concentration of potassium permanganate

(KMnO4) solution in acetone with soaking duration from

1 to 3 min after alkaline pretreatment [67, 93, 94, 131,

SCHEME 8. Hydrolysis of silane [67].

SCHEME 9. Reaction of silane with ��OH groups of natural fiber [67].
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132]. Paul et al. [93] dipped alkaline treated sisal fibers in

permanganate solution at concentrations of 0.033, 0.0625,

and 0.125% in acetone for 1 min. As a result of perman-

ganate treatment, the hydrophilic tendency of the fibers

was reduced, and thus, the water absorption of fiber-rein-

forced composite decreased. The hydrophilic tendency of

fiber decreased with increase in KMnO4 concentration.

But at higher KMnO4 concentrations of 1.0%, degradation

of cellulosic fiber occurred which resulted in the forma-

tion of polar groups between fiber and matrix. To improve

the bonding at the fiber-polymer interface, permanganate

treatment of natural fibers is the best method. Joseph

et al. [65] and Sreekala et al. [67] investigated the fibers

which were pretreated with alkali and then dipped in per-

manganate solution in acetone.

SODIUM CHLORITE TREATMENT OF
NATURAL FIBERS

Sodium chlorite treatment focused on the links of

fibers formed between lignin and carbohydrates. Sodium

chlorite treatment on the surface of bleached flax was

studied by Mustata [133]. The stability of pluricellular

fibers were subjected to mechanical stresses. Removal of

noncellulosic compounds by chemical treatments was

reflected in the mechanical and physical characteristics as

well as in the fiber’s behavior during processing and

wearing. Zahran et al. [134] developed a novel chemical

formulation for bleaching flax fibers (machine tow) in

one-step process. The process is based on activation of

sodium chlorite by hexamethylene tetramine (HMTA) in

the presence of a nonionic wetting agent. Optimum for-

mulation for bleaching the flax fibers is consisting of:

[NaClO2] ¼ 5g/l, [HMTA] ¼ 0.25 g/l and [wetting

agent] ¼ 1 g/l provided that bleaching is carried-out at

908C for 3 hr using a material-to-liquor ratio (M/L) of

1:50. For comparison purpose, different types of flax

fibers, namely, grey, card and waste fibers were bleached

under the optimum bleaching conditions, and their proper-

ties after bleaching were examined. It was reported that,

when the optimum formulation was used, HMTA acti-

vates decomposition of NaClO2 to liberate nascent oxygen

rather than chlorine dioxide.

ISOCYANATE TREATMENT OF NATURAL FIBERS

Isocyanate has ��N¼¼C¼¼O functional group, which is

very susceptible to reaction with the hydroxyl group of

cellulose and lignin in the fibers and forms strong cova-

lent bonds, thereby creating better compatibility with the

binder resin in the composites. The performance of iso-

cyanate as a coupling agent was reported by Kokta et al.

[135] and Raj et al. [136]. George et al. [137] treated

pineapple leaf fiber with polymethylene-polyphenyl-iso-

cyanate (C15H10N2O2) solution at 508C for 30 min to

improve the fiber-matrix interfacial adhesion.

PLASMA TREATMENT OF NATURAL FIBERS

Plasma treatment is an effective method to modify the

surface of natural polymers without changing their bulk

properties. The plasma discharge can be generated by ei-

ther corona treatment or cold plasma treatment. Both

methods are considered as a plasma treatment when ion-

ized gas has an equivalent number of positive and nega-

tive charged molecules that react with the surface of the

present material. The distinguishing feature between the

two categories of plasmas is the frequency of the electric

discharge. High-frequency cold plasma can be produced

by microwave energy, whereas a lower frequency alter-

nating current discharge at atmospheric pressure produces

corona plasma [138]. The type of ionized gas and the

length of exposure influenced the modification of the

wood and synthetic polymer surfaces [138, 139]. More-

over, Podgorski and Roux [140, 141] have compared the

polar component of surface energy of pine wood to a

number of parameters for plasma modification that

include power, treatment time, distance of samples to

plasma source, type of gas and the stability of plasma

treatment. Pulp sheets with moisture contents upto 85%

were treated with corona discharge in air and nitrogen

atmospheres and the chemical modification of the sheets

were studied with dye [142]. No evidence of an increase

in carboxylic groups was found on the treated paper sur-

face. However, the quantity of aldehyde groups increased

with increasing corona treatment. Previously, by meas-

uring the intrinsic viscosity of cellulose solution, it has

been shown that air corona treatment caused a reduction

in the molecular weight of cellulose [143]. With a change

in gas to nitrogen, the corona treatment did not lower the

intrinsic viscosity of cellulose, thus demonstrating that the

type of gas influences the degree of modification. Also,

Uehara et al. [144] investigated the effect of corona treat-

ment in air on isolated individual components of wood.

Water and methanol extractives were increased, indicating

that the cellulose and hemicelluloses were changed. How-

ever, the ratio of syringyl aldehyde to vanillin (found by

alkaline nitrobenzene oxidation) remained unchanged for

the corona treatments, which indicated that the noncon-

densed type of lignin showed no effects for the corona

treatment. After cold plasma treatment, the surface struc-

tures of polypropylene and wood were investigated by

atomic force microscopy [145]. The study showed that

with oxygen-plasma treatment, formation of nodular tex-

ture on polypropylene surface occurred. Upon extended

exposure, there was indirect evidence that the nodular

bumps became stiffer. Also in this study, wood was

exposed to hexamethyldisiloxane plasma. On the nanome-

ter scale, it was revealed that Kraft pulp and filter paper

both had a ‘‘lumpy structure’’ that was due to the plasma

treatment. Additionally, a nodular structure was also

noted in oxygen-plasma treated pulps [146]. Furthermore,

the hexamethyldisiloxane-plasma was studied on pine

wood surfaces [147]. Evidence from X-ray photoelectron
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spectroscopy, infrared spectroscopy and atomic force mi-

croscopy indicated that a siloxane plasma polymer was

deposited upon the surface.

Pretreatment of wool fabric with low-temperature

plasma as an eco-friendly process was tested by Ibrahim

and coworkers. [148] in a reactor tube of the radio fre-

quency plasma system. This treatment resulted in

improvement in fabric hydophilicity and wettability and

created new active sites along with improved initial dye-

ing rate. The textile fabric was exposed to DC pseudo

plasma discharge of powers ranging from 1 to 20 W

under different conditions of pressure, current, power and

time. The pressure exerted on each sample was 0.06, 0.1,

and 0.2 torr, and current range from 1 to 6 mA with 15 s

to 10 min exposure time for each sample. The results of

this research proved the suitability of DC plasma treat-

ment in textile industry for enhancing the wettability of

fibers [149]. Dichlorosilane (DS) plasma modification of

sisal fibers was performed by Martin et al. [150]. Sisal

fibers exposed to DS-plasma resulted in the formation of

C��O��SiHyClx groups on the fiber surface and decom-

position of the cellulose structure of the surface layers.

Various natural fibers such as cotton, wool and silk were

exposed to the action of low-temperature plasmas of O2,

N2, H2, Ar, CO, CH4, and CF4 gases at pressure of 0.3–

1.5 torr at a power level of 300 W for 100–300 s [151].

EFFECTS OF PRETREATMENTS ON THE
PROPERTIES OF NATURAL FIBERS

The pretreatment reactions directly influence the cellu-

losic fine structure of natural fiber. In this section, we

have reviewed the effects of fiber modification on the

stress-strain behavior, tensile strength and thermal behav-

ior of natural fibers. The effect of fiber surface modifica-

tion on the mechanical performance of oil palm fiber is

shown in Table 2 [152].

STRESS–STRAIN BEHAVIOR OF
NATURAL FIBERS

Chemical composition, chemical structure and cellular

arrangement are responsible for the mechanical perform-

ance of fibers. Tensile stress-strain test for untreated and

modified oil palm fiber has been reported [67]. Every sin-

gle fiber was composed of fibrils held together by noncel-

lulosic substances, such as lignin and pectin. Failure of

the fiber was gradual upon the application of tensile stress

and it showed the intermediate behavior between brittle

and amorphous. With increase in stress, some of the

fibrils may get slipped out. The total stress is then shared

by fewer cells. Further, increase in stress leads to the rup-

ture of cell walls and decohesion of cells and resulted in

the catastrophic failure of the fiber. Modifications led to

major changes on the fibrillar structure of the fiber and re-

moval of amorphous components. This resulted in the de-

formation behavior of the fibers. The brittleness of the

fiber was considerably reduced upon treatments.

TENSILE PROPERTIES OF NATURAL FIBERS

Chemically treated fibers showed a considerable

decrease in the tensile properties and this decrease was

attributed to the substantial delignification and degrada-

tion of cellulosic chains during chemical treatment. The

extension at break of these fibers did not change much.

Most of the chemical treatments have been found to

decrease the fiber strength due to breakage of the bond

structure, and disintegration of the noncellulosic materials

but silane and acrylation treatment lead to strong covalent

bond formation and the strength was enhanced margin-

ally. Effect of different chemical treatments on the tensile

properties of sisal fiber was studied by Yang et al. [153]

and is depicted in Table 3. The reinforcing ability of the

fibers depends upon the various factors such as mechani-

cal strength of the fibers, polarity of the fiber, surface

characteristics and presence of reactive centers. All these

factors control interfacial interaction between fiber and

matrix. The improved stiffness of the fibers was attributed

to the crystalline region (cellulosic) of the fiber. The fiber

also showed very good elongation properties, with values

increasing upon modifications. Lower elongation proper-

ties of the untreated fiber may be due to the three dimen-

sionally cross-linked networks of cellulose and lignin.

Pretreatment broke this network structure giving the fiber

higher elongation and lower strength properties.

TABLE 2. Mechanical properties of original and chemically treated oil

palm fibers [152].

Fiber

Tensile

strength

(MPa)

Young’s

modulus

(MPa)

Elongation

at break

(%)

Untreated 248 6700 14

Mercerized 224 5000 16

Acetylated 143 2000 28

Peroxide-treated 133 1100 24

Permanganate-treated 207 4000 23

Silane-treated 273 5250 14

Acrylated 275 11,100 26

Acrylonitrile grafted 95 1700 24

TABLE 3. Effect of pretreatments on tensile properties of sisal fiber

[153].

Treatment methods

Tensile

strength

(g/tex)

Tensile

modulus

(3103 g/tex)

Elongation

at break

(%)

Untreated 30.7 1.18 2.5

Benzol/alcohol 38.8 0.99 3.7

Acetic acidþalkali 9.3 0.39 2.6

Alkali 31.7 0.53 7.5

Acetylated 33.2 0.35 8.3

Thermal 42.0 1.22 3.5

Alkali-thermal 27.6 0.70 4.7

Thermal-alkali 25.7 0.71 4.4
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Joseph and Thomas [131] have reported that as a result

of peroxide treatment the tensile properties increased and

single fiber tensile strength of untreated date palm fibers

gave a failure stress of 1426 MPa at the critical length,

whereas the fiber treated first with an aqueous alkaline so-

lution and then with a silane coupling agent was found to

be a strong interface with a failure stress of 2164 MPa at

the critical length [154]. Morphological studies (see Fig.

4) showed that the silane, benzoylation and peroxide pre-

treatment of flax fiber improved the surface properties.

Silane and peroxide treatment of flax led to a higher ten-

sile strength than that of untreated flax (see Fig. 5) [95].

The alkali treatment of jute fibers produced a drop in both

tensile strength and Young’s modulus of the fibers. This

result was attributed to the damage induced in the cell

walls and the excessive extraction of lignin and hemicel-

lulose, which play a cementing role in the structure of the

fibers [71].

THERMAL BEHAVIOR OF NATURAL FIBERS

Pretreatments of natural fibers have resulted in the

change of thermal stability. Thermal degradation of flax

fibers at temperature around 2008C has been investigated

by various authors [155–158] and it has been found that

initially at low-temperature thermal degradation is not sig-

nificant. Untreated flax has been found to retain its

strength at 1708C for 120 min whereas strength decreases

at 2108C by approximately 50% over the same time span

[159]. Flax was found to retain its strength when stored

in convection oven at 2008C for 30 min [160]. Strength

of flax fibers decreased significantly when exposed to

temperature above 2408C for 4 min [161].

In case of thermal behavior of flax fiber, initial decom-

position (IDT) and final decomposition temperatures

(FDT) was found to be higher as compared with IDT and

FDT of grafted flax fiber. This was due to the disturbance

in the original crystal lattice of the fiber because of the

incorporation of the poly(MMA) chains in the matrix. It

has been further supported by the DTA studies where the

grafted sample has shown less thermal stability during the

decomposition process in presence of atmospheric air at

furnace temperature as compared with raw flax [123, 162,

163].

The thermal stability of the esterificated wood fiber

samples was studied by thermo-gravimetric analysis

(TGA); the modified fiber exhibited an increased thermal

stability relative to the unmodified fiber. This increase

may be related to both the formation of ester groups and

the grafting of the cetyl radicals [164]. Different chemical

treatments were conducted on the Luffa cylindrica fibers

with aqueous solutions of 2% NaOH, or (1–3%) metha-

crylamide at distinct treatment times. L. cylindrica was

characterized via chemical analysis and analytical techni-

ques such as FTIR, XPS/ESCA, X-Ray, TGA and SEM.

Methacrylamide 3% treatment for all times (60, 120, or

180 min) severely damaged the fibers. NaOH, on the

other hand, showed the same beneficial effect regarding

enhancement of surface area and thermal stability together

with similar levels of lignin and hemi-cellulose extraction,

without causing exaggerated harm to fiber integrity [165].

Sisal fibers were modified by treatment with NaOH or N-
isopropyl-acrylamide solutions. Lignin content and density

of fibers are reduced with the chemical treatment and the

N-isopropyl-acrylamide treatment causes a significant

reduction in moisture absorption. Pretreatment of sisal

fibers with NaOH (0.25, 0.5, 1, 2, 5, and 10% w/w) and

N-isopropyl-acrylamide (1, 2, and 3% w/w) was per-

formed and a reinforcement effect of the sisal treated with

2% solutions was observed. TGA measurements showed

that with NaOH treatment the fiber becomes more ther-

mally resistant [165]. Jute fibers were treated with 5%

NaOH solution for 2, 4, 6, and 8 hr. Thermal analysis of

FIG. 4. SEM photographs of fiber surfaces after chemical treatment (a)

Untreated (b) Silane treated (c) Benzoylated treated (d) Dicumyl perox-

ide treated [95].

FIG. 5. Average unit break of flax fiber bundle [95].
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the fibers was done by DTG and DSC technique. The

decomposition temperature for a-cellulose was lowered to

3488C from 362.28C for all the treated fibers, and the re-

sidual char formation increased to a significant extent.

The enthalpy for the thermal degradation of a-cellulose
showed a decreasing trend for the fibers treated for 2 and

4 hr, which could be caused by the initial loosening of

the structure, followed by an increase in the enthalpy

value in the case of the 6 and 8 hr alkali treated fibers

resulting from increased crystallinity [166]. Thermal

behavior of Lyocell, modal and viscose fibers was studied

by means of differential scanning calorimetry and thermo-

gravimetry. Thermal analysis was performed in an air

atmosphere. Samples were mercerized (21.3 g 100 mL21)

or submitted to solar radiation (seven months). Solar

degraded samples showed a higher thermal stability and

are initially less degraded. Furthermore, Lyocell fiber is

the most stable under thermal degradation conditions

[167].

EFFECTS OF PRETREATMENTS OF
NATURAL FIBERS ON THE PROPERTIES OF
POLYMER COMPOSITES

Depending upon types of fillers and binders used, natu-

ral fiber reinforced composites can be divided into: con-

ventional panel type composites where lignocellulosics

serve as the main ingredient organic building material

including natural binders such as lignin and tannins e.g.,

particle boards, fiber boards and insulation boards; ligno-

cellulosics-mineral composites based upon inorganic

building materials; natural fiber reinforced polymers in

which the lignocellulosics serve as reinforcing fillers

within matrix materials such as thermoplastics, thermosets

and rubbers and nonwoven textile type composites [60].

The properties of the composites depend on the individual

components and fiber-matrix interfacial compatibility.

Some of the important natural fiber reinforced composites

have been listed by various workers (Table 4) [168, 169].

Several workers have reported the influence of various

types of chemical modifications on the properties of natu-

ral fiber-reinforced thermoplastic composites [170–172].

In this section, we have reviewed the effects of fiber mod-

ification on the mechanical properties and thermal proper-

ties of polymer composites.

MECHANICAL PROPERTIES OF COMPOSITES

In addition to the fiber-matrix interfacial bond strength,

the mechanical properties of a natural fiber-reinforced

composite depend upon many parameters such as fiber

strength, modulus, fiber length and orientation. A strong

fiber-matrix interface bond is significant for high mechan-

ical properties and for effective stress transfer from the

matrix to the fiber whereby maximum utilization of the

fiber strength in the composite is achieved [173]. More-

over, factors like processing conditions/techniques have

considerable effect on the mechanical properties of fiber-

reinforced composites [174].

The addition of a small amount of dicumyl peroxide or

benzoyl peroxide into the cellulosic fiber-polymer (LDPE)

systems during processing significantly improved the me-

chanical properties of the composite [175, 176]. The

effects of different chemical modifications such as silane

treatment and grafting on the mechanical properties (Ta-

ble 5) and dimensional stability of cellulosic fiber-poly-

mer composites have been studied [150, 162, 177].

Chemically modified cellulosic fiber-reinforced thermo-

plastic composites offered better physical and mechanical

properties under extreme conditions even after recycling.

Münker and Holtmann [178] studied different natural

fibers (flax, ramie and curaua) and matrices (polyester and

polypropylene) and showed that mechanical properties of

natural fiber-reinforced composites were found to improve

by use of different coupling agents. Benzylation of wood

particles was subsequently explored by comparing benzy-

lated boards to particle boards containing phenol formal-

dehyde [179]. Although the benzylated boards had much

greater internal bond strengths, the particle boards with

phenol formaldehyde adhesive had greater modulus of

elasticity (MOE) and modulus of rupture (MOR).

The addition of a small amount of benzoyl peroxide or

dicumyl peroxide to cellulose-polymer systems during

processing resulted in the improvement of mechanical

properties of composites. The improvement in mechanical

properties of composites is attributed to the peroxide-

induced graft copolymerization of polyethylene onto cel-

lulose surfaces [175]. The effect of silane coupling agent

on the interface performance of henequen fiber-reinforced

high-density polyethylene composites has been investi-

gated [126]. It was reported that fiber-surface silanization

resulted in better interfacial load transfer efficiency and

treatment of cellulosic fibers with silane can enhance the

interfacial strength. Therefore, mechanical properties of

the composites get improved with increase in interfacial

strength [66, 180, 181].

Treatment of jute fibers with alkali treatment and MPP

emulsion has been found to be very efficient in improving

the fiber-matrix adhesion and thus mechanical properties

in jute fiber mat reinforced PP composites [182]. Banana

fiber reinforced polyester composites were found to be de-

pendent on the fiber content and the fiber surface modifi-

cation. The mechanical properties of different alkali

treated fiber composites showed improved fiber/matrix

interactions [72]. Surface modification due to coupling

agents caused noticeable improvements of the characteris-

tics values of composites, depending on the fiber, matrix,

and on the type of surface treatment used (Table 6) [32].

TENSILE PROPERTIES OF COMPOSITES

Pretreatment of fibers in natural fiber-reinforced com-

posites often showed improvement in tensile properties

owing to the increased fiber-matrix adhesion. Tensile
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properties can be explained on the basis of the changes in

chemical interactions at the fiber-matrix interface. The

tensile strength of flax fiber-reinforced composites is

determined both by the tensile strength of the fibers and

the presence of weak lateral fiber bonds. Sreekala et al.

[67] studied the mechanical performance of treated oil

palm fiber-reinforced composites. They investigated the

tensile stress-strain behavior of composites having 40%

(by weight) fiber loading. Silane, isocyanate, acrylated, la-

tex coated and peroxide treated composites withstood ten-

sile stress to higher strain level. Silane, benzoylation and

peroxide treated flax fiber composites showed superior

TABLE 4. Composites-based on natural fibers and polymers or bonding agents [169].

Type of composites Raw materials Polymers and bonding agents

Structural composites

Glulam beams, Laminated veneer lumber

(LVL), Parallel strand lumber, (PSL),

and Oriented strand lumber (OSL)

Wood-based and agro-based composites by

chemically modifying fiber, and wood veneer

Urea, melamine, phenol-formaldehyde resins,

isocyanate, resorcinol, vinyl polyacetate resins,

and natural bonding agents

Panels

Plywood Wood Veneer and bamboo Urea, melamine, phenol-formaldehyde resins,

isocyanate, resorcinol, vinyl polyacetate resins

COM-PLY1 Wood veneer and lignocel-lulosic particles As above

Particleboards Wood particles, shives of flax flakes, saw dust;

bagasse, hemp, kenaf, jute, cereal straw,

coconut coir, corn and cotton stalks, rice husks,

vetiver roots, and other fiber sources

As above and natural poly-mers, tannins, protein,

casein, soybeans, modified starch, lignin

activated by enzymatic system polactic and

polyhydroxybutyric acid

Medium density fiberboards (MDF) Lignocellulosic fibers As above

Oriented strand boards (OSB) Lignocellulosic strands As above

Lignocellulosic-mineral Wood-based, and agro-based composites; wood,

wool, paper, lignocellulosic particles including

waste paper pulp, mineral particles, e.g.,

vermiculite, microspheres, mineral wool, and

glass fibers

Megnesia cement, Portland cement, gypsum,

pozzolans (siliceous or aluminous materials)

react with calcium hydroxide (lime), magnesium

silicate, polycondensation product of urea borate

and phosphate with silicate, organic resins

Insulating (thermal, acous-tic radiation) Natural fibers, vegetable stalks, lignocellulosic

particles, wood veneer, and paper

As above

Special functional (Water, fir, and

bio-resistant)

As above and flame retardants, biocides,

dimensional stabilizers, and wax

Natural Fiber reinforced plastics

Thermosetting polymers Wood and natural fibers: cotton, flax, hemp, kenaf,

roselle, ramie, jute, kapok, coir, pineapple,

abaca, sisal; and lignocellulosic fibers including

waste paper, saw dust, flour, lignin, and

short fibers

Urea, melamine, phenol-formaldehyde resin,

epoxy, isocyanate, resorcinol, vinyl polyacetate,

and polyurethane resin

PP, PE, PVC, PS, PA, LDPE Natural rubber,

casein, modified starch, tannin, protein: casein,

soybeans, lignin, polylactic acid, polyhydroxy

butyric acid

Thermoplastic polymers

Natural polymers

Textiles

Blends of lignocellulosic and

man-made fibers

Cotton, flax, hemp, kenaf, rosella, ramie,

jute, kapok, coir, pineapple, abaca, sisal,

and henequen

Wool, silk, polyesters, poly-amides, polyaramides,

acrylic, modacrylic, olefin, lycra, man-made

cellulosic fibers: viscose, rayon

Textiles improves with polymers Starch, gelatin, urea, melamine resins (sizing),

urea, melamine resins (wrinkling), condensation

products of formaldehyde with thiourea,

guanidine (abrasion), reactive dyestuffs: triazine

or pyrimidine or vinyl sulfonate derivatives

(dyeing), and metal (metallization)

Textiles coated with polymers PVC, polyurethane

Nonwoven textiles including

geotextiles

As above and wood wool, straw, bentonite,

active carbion, vermiculite, and silica

Soya oil, rape oil

Absorption chemotextiles, including

filters and sorbents

Urea, phenol, resorcine, isocyanate, epoxy resins,

and pure melamine

Packaging Wood, wood wool, bamboo paper including wastes Modified starch, silicates, urea resins, polyvinyl

alcohol, and lignin
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physical and mechanical properties due to better adhesion

between fibers and matrix (Table 7) [95]. Morphological

studies showed that the pretreatments improved the fiber-

matrix adhesion and the dispersion of the fiber in the ma-

trix (see Fig. 6) [95]. Silane treated, isocyanate treated,

acrylated, acetylated and latex coated composites showed

yielding and high extensibility. Mercerization and per-

manganate treatment showed slight enhancement in ten-

sile modulus of the composites. The elongation at break

of the composites with chemically modified fiber was

attributed to the changes in the chemical structure and

bonding ability of the fiber. The effect of chemical treat-

ment on the tensile and dynamic mechanical properties of

short sisal fiber-reinforced low density polyethylene com-

posites indicated that the cardanol derivative of toluene

di-isocyanate treatment reduced the hydrophilic nature of

the sisal fiber and enhanced the tensile properties of the

sisal-LDPE composites [183]. Peroxide and permanganate

treated fiber-reinforced composites showed an enhance-

ment in tensile properties and it was concluded that with

a suitable fiber surface treatment, the mechanical proper-

ties and dimensional stability of sisal-LDPE composites

could be improved. The influence of alkali treatment of

jute on the performance of the biocomposites resulted in

more than a 40% improvement in the tensile strength

[184]. Biocomposites performance was also affected by

jute fiber content and about 30% (by weight) of jute

showed optimum properties of the biocomposites. Mishra

et al. [70] reported that alkali treated (5%) sisal-polyester

biocomposites showed about 22% increase in tensile

strength.

Ichazo et al. [185] found that addition of silane treated

wood flour to PP produced a sustained increase in the ten-

sile modulus and tensile strength of the composite. Ben-

zoyl peroxide treatment on short sisal fiber-reinforced pol-

yethylene composites resulted in an enhancement in ten-

sile properties due to peroxide induced grafting [66]. In

oil palm fiber-reinforced phenol formaldehyde composites,

fibers were coated with benzoyl peroxide in acetone solu-

tion after alkali pretreatments. High-temperature was

favored for decomposition of the peroxide and it was

observed that peroxide-treated fiber composites could

withstand the tensile stress to higher strain level [67].

Tensile properties were improved with a suitable fiber

surface treatment in comparison to untreated fiber.

Vazquez et al. [186] studied the effect of merceriza-

tion, acrylation, isocyanate treatment and washing with

alkaline solution of bagasse fiber on the tensile properties

of bagasse-PP composites and it was found that chemical

treatments enhance the tensile properties of composites.

Tensile properties (modulus and tensile strength) of

chemically treated short sisal fiber reinforced cellulose

derivatives/starch composites with different fiber loading

showed comparable results as that of calculated values

obtained from the existing theories of reinforcement

[187].

TABLE 5. Mechanical properties of raw flax and Flax-g-poly(MMA) reinforced PF composites [162].

Sample

Tensile

Strength (N)

Compressive

Strength (N)

Wear Rate (gm/m) 3 1024

1 Kg 2 Kg 3 Kg 4 Kg

Phenol-Formaldehyde 75 6 3.36 200 6 5.71 18 6 1.8 34 6 2.44 56 6 3.91 77 6 4.32

Raw flax reinforced composites 150 6 4.96 300 6 7.70 10 6 1.41 14 6 3.16 17 6 2.16 21 6 2.58

Flax-g-poly(MMA) Reinforced Composites 50 6 2.94 700 6 6.78 11 6 1.82 16 6 2.16 23 6 2.58 37 6 4.69

TABLE 6. Influence of coupling agents on the mechanical properties of natural fiber reinforced plastics [32].

Fiber/Matrix

Coupling

agent

Increase in properties (%)

Tensile

strength

Young’s

modulus

Compression

strength

Thermosets

Jute/EP Acrylic acid Constant – –

Jute/UP and EP Polyesteramid polyol 10 10 –

Sisal/EP Silane 25 – 30

Cellulose/UP Dimethanolmelamine Constant – –

Thermoplastics

Cellulose/PS Isocyanate 30 Constant –

Cellulose/PP Stearinic acid 30 15 –

Maleinanhydride-PP-copolymer 100 Constant –

Flax/PP Silane Constant 50 –

Maleinanhydrid 50 100 –

EP, epoxy; UP, unsaturated polyesters; PS, polystyrene; PP, Polypropylene.
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IMPACT PROPERTIES OF COMPOSITES

Impact strength is defined as the ability of a material

to resist the fracture under stress applied at high speed.

Impact properties of the polymeric materials are directly

related to the overall toughness of the material. Compos-

ite fracture toughness is affected by interlaminar and

interfacial strength parameters.

Natural fibers have a significant effect on the impact

resistance through the principle of stress transfer. It has

been reported that when an impact load is applied perpen-

dicular to the reinforcing fibers, a good fiber-matrix adhe-

sion is required for even moderate impact strength [188].

The impact properties of the polymeric materials are

directly related to the overall toughness of the material

[189]. Toughness means the ability of the polymer to

absorb applied energy. Impact resistance is the ability of

a material to resist breaking under a shock loading or the

ability to resist fracture under stress applied at high speed.

A lot of work has already been done on the impact resist-

ance of short fiber reinforced composites [190–192] and it

depends on fiber rigidity, interfacial stress resistance and

fiber aspect ratio. The strength of the matrix, the weakest

part of the material, should be related to the failure pro-

cess. The involvement of fibers in the failure process is

due to the separation of fibers the matrix and loss of

stress transferring capability. The total energy dissipated

in the composite before final failure occurs is a measure

of its impact resistance. The total energy absorbed by the

composite is the sum of the energy consumed during plas-

tic deformation and the energy needed for creating new

surfaces. The tensile-impact strength of composites with

10% pretreated flax fibers compared with composites with

10% untreated flax fibers composites with different types

of thermoplastic matrix along with impact of chemical

modifications is shown in Table 7. It was observed that

reinforcement of composites with treated flax fiber

slightly enhanced the tensile-impact strength of the result-

ing composite [95]. SEM micrographs (see Fig. 7) of the

fractured surface of the composites showed the effects of

alkali treatments on the jute-vinylester composites. Fibril-

lation and diameter reduction are caused in case of jute

fiber on alkali treatment (Fig. 7(b)). Figure 7d and f also

showed the damage in cell walls and a rougher fiber sur-

face in the alkali treated jute (Fig. 7b). The alkali treated

jute reinforced vinylester composites showed a brittle

behavior with lower flexural and impact properties [71].

Alkali treated sisal fibers were used as novel reinforce-

ment to obtain composites with self-synthesized urea-

formaldehyde resin as matrix phase. The highest value

9.42 kJ/m2 of charpy impact strength is observed in the

composite with 50 wt% sisal fiber. SEM micrographs of

impact fractured and worn surfaces clearly demonstrate

the interfacial adhesion between fiber and matrix [193].

THERMAL PROPERTIES OF COMPOSITES

Thermographs provide the information about the ther-

mal stability of a material [189]. Differential scanning

calorimetry (DSC) is a thermo-analytical technique in

which the heat flow is measured as a function of tempera-

ture or time. DSC is used to determine the melting point

of the flax-reinforced polypropylene and to collect caloric

data. Under controlled atmospheric conditions, the melt-

ing range of the polymer matrix was showed an endother-

mic peak. An increased heating rate leads to a displace-

ment of the melting range to higher temperatures [194].

TABLE 7. Comparison of tensile strength at yield, tensile-impact

strength, and hardness of 10% fiber with different thermoplastics [95].

Composites

Tensile

strength

Tensile-impact

strength Hardness

LLDPE þ U 15.25 189.69 16.0

LLDPE þ S 15.80 207.0 17.0

LLDPE þ B 16.13 218.94 16.8

LLDPE þ P 15.62 201.12 18.6

HDPE þ U 16.82 193.70 17.0

HDPE þ S 17.48 203.07 16.8

HDPE þ B 16.82 216.57 16.2

HDPE þ P 16.88 208.90 17.1

HDPE/LLDPE þ U 16.47 191.24 16.3

HDPE/LLDPE þ S 16.78 201.94 17.0

HDPE/LLDPE þ B 16.72 204.94 16.7

HDPE/LLDPE þ P 17.12 204.33 16.2

LLDPE 15.10 189.08 17.9

HDPE 16.20 180.82 17.7

U, untreated fiber; S, silane-treated fiber; B, benzoylation-treated fiber;

P, peroxide-treated fiber; LLDPE, linear low-density polyethylene;

HDPE, high-density polyethylene.

FIG. 6. SEM micrographs of LLDPE with 10% treated flax in compo-

sites (a) untreated flax in composites (b) Silane-treated flax in composites

(c) Benzoylated-treated flax in composites (d) Peroxide-treated flax in

composites [95].
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Agarwal et al. [195] studied the thermal behavior of oil

palm fiber reinforced phenol-formaldehyde resin. Thermal

stability of these composites was found to increase after

chemical treatment and was maximum for resin treated

with peroxide phenol-formaldehyde composites in com-

parison to fiber treated phenol-formaldehyde composites.

In an interesting study the TGA of biodegradable com-

posites comprising of poly(propylene carbonate) (PPC)

and short, lignocellulose fiber Hildegardia populifolia was

performed by Li et al. [196] and the investigation

revealed that the introduction of the fiber led to a slightly

improved thermo-oxidative stability of PPC. The thermal

properties of green composites from soy based plastic and

pineapple fiber was investigated by Liu et al. [197]. The

addition of compatabilizer (polyester amide grafted gly-

cidyl methacrylate (PEA-g-GMA) was seen to increase

the thermal stability of composites. In another interesting

study involving bio-composites, the effect of alkali treat-

ment on the thermal properties of Indian grass fiber rein-

forced soy protein bio-composites was studied by the

same group [198]. Natural rubber was reinforced using

two hybrid bio-fibers namely sisal and oil palm. The ther-

mal stability of the composites was also investigated with

reference to loading and chemical treatment. The thermal

stability of the composites was seen to increase upon fiber

loading and chemical modification. This was substantiated

in the increase of decomposition temperatures of hemicel-

luloses and alpha cellulose for the treated composites

[199].

CONCLUSIONS

Most research reviewed indicated the effect of pretreat-

ments of natural fibers on the fiber-reinforced composites.

Most of the chemical treatments decreased the strength

properties because of the breakage of the bond structure

and also because of the disintegration of the noncellulosic

materials but silane and acrylation treatment led to strong

covalent bond formation and thereby the strength is

enhanced marginally. Acrylation, alkali and silane treat-

ments improved the Young’s modulus of the fibers. Only

few studies related to microwave radiations induced graft-

ing, plasma treatment, silane treatment, benzoylation, and

peroxide treatment for improving the fiber strength, fiber-

matrix adhesion and the performance of the natural fiber

composites have been reported in the literature. Pretreat-

ments of natural fibers in fiber-reinforced composites often

show improvement in tensile properties upon different

modifications owing to the increased fiber-matrix adhesion.

Not much work has been reported on the use of plasma

treated fibers and graft copolymers as reinforcement in

polymer composites and needs to be explored to develop

polymer composites with best performance applications.

ACKNOWLEDGMENTS

The authors thank Dr B.N. Misra, Visiting Professor of

H.P. University, Shimla (India) for their help and efforts

in completing this article.

REFERENCES

1. X. Li, L.G. Tabil, and S. Panigrahi, J. Polym. Environ., 15,
25 (2007).

2. S.J. Eichhorn and R.J. Young, Compos. Sci. Technol., 63,
1225 (2003).

3. L.A. Pothan and S. Thomas, Compos. Sci. Technol., 63,

1231 (2003).

4. M. Sain and S. Panthapulakkal, Ind. Crops. Prod., 21, 185
(2005).

5. Van De Weyenberg, J. Ivens, A. De Coster, B. Kino, E.

Baetens, and I. Verpoest, Compos. Sci. Technol., 63, 1241
(2003).

6. P. Wambua, J. Ivens, and I. Verpoest, Compos. Sci. Tech-
nol., 63, 1259 (2003).

7. S.V. Joshi, L.T. Drzal, A.K. Mohanty, and S. Arora, Com-
pos. A, 35, 371 (2004).

8. A. Nechwatal, K.P. Mieck, and T. Reubmann, Compos.
Sci. Technol., 63, 1273 (2003).

9. A.K. Mohanty, A. Wibowo, M. Misra, and L.T. Drzal,

Compos. A, 35, 363 (2004).

10. M. Brahmakumara, C. Pavithran, and R.M. Pillai, Compos.
Sci. Technol., 65, 563 (2005).

11. Valadez-Gonzalez, J.M. Cervantes-UC, R. Olayo, and P.J.

Herrera-Franco, Compos. B, 30, 309 (1999).

12. G.I. Williams and R.P. Wool, Appl. Compos. Mater., 7,

421 (2000).

FIG. 7. SEM micrographs of the fracture surface of the composites re-

inforced with alkali-treated jute (a, c, and e) and untreated jute (b, d,

and f) [71].

1268 POLYMER ENGINEERING AND SCIENCE—-2009 DOI 10.1002/pen



13. F.G. Torres and R.M. Diaz, Polym. Polym. Compos., 12,
705 (2004).

14. P.R. Hornsby, E. Hinrichsen, and K. Tarverdi, J. Mater.
Sci., 32, 1009 (1997).

15. K. Oksman, L. Wallstrom, L.A. Berglund, and R.D.T.

Filho, J. Appl. Polym. Sci., 84, 2358 (2002).

16. K. Oksman, J. Reinf. Plast. Compos., 20, 621 (2001).

17. R. Heijenrath and T. Pejis, Ad. Comp. Let., 5, 81 (1996).

18. K. Oksman, Appl. Comp. Mat., 7, 403 (2000).

19. K.P. Mieck, A. Nechwatal, and C. Knobeldorf, Melliand.
Textilberichte., 11, 228 (1994).

20. A.R. Sanadi, D.F. Cauldfield, and R.M. Rowell, Plast.
Eng., 4, 27 (1994).

21. A.K. Bledzki, S. Reihmane, and J. Gassan, J. Appl. Polym.
Sci., 5, 1329 (1996).

22. D. Nabi Saheb and J.P. Jog, Adv. Polym. Technol., 18, 351
(1999).

23. I.S. Wichman, A.B. Oladipo, and I. Hermann, ‘‘The Influ-

ence of Moisture on Fibre/Matrix Adhesion for Wood/

HDPE-Composites,’’ in Proceedings of 9th Annual ASM/
ESD Advanced Composites Conference, ESD. The Engi-

neering Society, 265 (1993).

24. S.Th. Georgopoulos, P.A. Tarantili, E. Avgerinos, A.G.

Andreopoulos, and E.G. Koukios, Polym. Degrad. Stab.,
90, 303 (2005).

25. C.M. Hansen and A. Bjorkman, Holzforschung, 52, 335

(1998).

26. M.Z. Rong, M.Q. Zhang, Y. Liu, G.C. Yang, and H.M.

Zeng, Compos. Sci. Technol., 61, 1437 (2001).

27. K. Van de Velde and P. Kiekens, Compos. Struct., 54, 355
(2001).

28. H.L. Boss, M.J.A. van den Oever, and O.C.J.J Peters,

J. Mater. Sci., 37, 1683 (2002).

29. C. Baley, Compos. A, 33, 939 (2000).

30. B. Lamy and C. Baley, J. Mater. Sci. Lett., 19, 979 (2000).
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194. B. Wielage, E. Köhler, S. Odenwald, T. Lampke, and A.

Bergner, KU Kunststoffe. Plast. Europe, 89, 18 (1999).

195. R. Agarwal, N.S. Saxena, K.B. Sharma, S. Thomas, and

M.S. Sreekala, J. Appl. Polym. Sci., 78, 603 (2000).

196. X.H. Li, Y.Z. Meng, S.J. Wang, A.V. Rajulu, and S.C.

Tjong, J. Polym. Sci. Part B: Polym. Phys., 42, 666

(2004).

197. W. Liu, M. Misra, P. Askeland, L.T. Drzal, and A.K.

Mohanty, Polymer, 46, 2710 (2005).

198. W. Liu, A.K. Mohanty, P. Askeland, L.T. Drzal, and M.

Misra, Polymer, 45, 7589 (2004).

199. M. Jacob, S. Jose, S. Thomas, and K.T. Varughese,

J. Reinf. Plast. Compos., 25, 1903 (2006).

1272 POLYMER ENGINEERING AND SCIENCE—-2009 DOI 10.1002/pen


