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Natural fibres fulfil all the requirements in order to replace inorganic fillers in thermoplastic 
composites. Natural fibres are inexpensive, renewable, biodegradable, present lower density 
and their mechanical properties can be compared to those of inorganic fillers. However, 
several disadvantages appear when natural fibres are used for composites. First of all, the poor 
compatibility between the hydrophilic fibres with the hydrophobic thermoplastic matrix leads 
to a weak interface, which results in poor mechanical properties. On the other hand, the 
hydrophilic nature of the fibres makes them very sensitive towards water absorption, which 
leads also to the loss of properties and the swelling and dimensional instability. 
 
In order to enhance the compatibility fibre-matrix, the fibres were chemically surface 
modified by five different methods: a) graft copolymerisation with polypropylene-grafted-
maleic anhydride copolymer (PPgMA), b) modification by PPgMA during processing, c) 
modification by organosilanes, d) acetylation, e) modification with peroxide oligomers. 
Modified fibres led to improved mechanical properties and thermal behaviour when used in 
composites with post-industrial polypropylene (PP) containing ethylene vinyl acetate 
copolymer (EVA). Modification with peroxide oligomers showed very promising results, but 
modification with PPgMA was chosen for further preparation of composites due to its 
simplicity. 
 
Two sets of composites were prepared using two different polypropylene types as matrix: 
virgin polypropylene (PP) and the above mentioned post-industrial polypropylene (PP/EVA). 
Four different types of cellulosic fibres were used as fillers: cellulose fibres from pulping, 
sisal fibres, coir fibres and Luffa sponge fibres. The mechanical properties of the composites 
were dependent mostly on the fibre loading and slightly on the type of fibre. The fibers 
changed the characteristics of the material leading a higher stiffness but a lower toughness. 
 
Water absorption of composites was studied at three different temperatures: 23˚C, 50˚C and 
70˚C. The water absorption kinetics were studied and it was found that water is absorbed in 
composites following the kinetics described by the Fickian diffusion theory. After absorption, 
an important loss of properties was observed, due to the destruction of the fibre structure due 
to the water absorbed. 
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11..  IINNTTRROODDUUCCTTIIOONN  

 
11..11..  BBAACCKKGGRROOUUNNDD  
 
Over the past decade, important industries such as the automotive, construction or packaging 
industries have shown enormous interest in the development of new composite materials. One 
example of this is the replacement of inorganic fibres ―such as glass or aramid fibres― by 
natural fibres as filler. Compared with inorganic fibres, natural fibres exhibit a number of 
advantages; for example they are lower in density and price, cause less abrasion to processing 
equipment, are relatively harmless, biodegradable and renewable and yet their mechanical 
properties are comparable to those of inorganic fibres [1-4]. All these properties have made 
natural fibres very attractive for industries such as the automotive industry, currently engaged 
in searching for products with comparable mechanical properties to glass fibre reinforced 
thermoplastics but which are lighter, and do not cause health problems for workers. 
 
Many studies have to date been conducted on composites containing lignocellulosic fibres 
produced by the forest and paper industry such as cellulose, wood fibre and wood dusts. Other 
studies have looked at agricultural fibres such as kenaf, sisal, hemp, coir and rice husks [5-9]. 
The possibility of using residual and recycled materials in the development of composites is 
also very attractive, especially with respect to the large quantity of plastic waste generated 
daily. The advantages that using these materials offers to industries such as the paper industry, 
through finding applications for their wastes or residual materials are considerable [10-12]. 
 
One of the main disadvantages of natural fibres/plastic composites is the poor compatibility 
exhibited between the hydrophobic polymeric matrix and the hydrophilic fibres. Poor 
compatibility leads to the formation of a weak interface, which results on poor mechanical 
properties. In order to improve the wettability of the fibres onto the matrix, either a third 
component has to be used ―the so-called compatibiliser― or the fibres have to be surface 
modified prior to the preparation of the composites [8, 13]. 
 
Another important disadvantage with this type of composites is the high sensitivity the natural 
fibres have to water. Water absorption by composites is an important issue, since the water 
absorbed by the fibres in the composite can lead to swelling and dimensional instability, and 
to a dramatic loss of mechanical properties due to the degradation of the fibres and the 
interface fibre-matrix [9, 14-17]. 
 
This study is divided in three parts: 
 
- The first part of the study deals with the improvement of the compatibilisation between fibre 
and matrix, in residual cellulose/recycled polypropylene composites. A series of methods of 
compatibilisation and modification of the fibres were performed and compared. The objective 
was to find the most suitable method for industrial up scaling, based on mechanical properties 
obtained. Furthermore, the advantages of using of residual materials have also been discussed. 
 
- The second part of the study compares the material properties of different natural cellulosic 
fibres and polypropylenes for the preparation of composites. The comparison looks at the 
influences of the type of matrix, the type of fibre, and the amount of fibre on the mechanical 
properties of these materials.  
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- The third part of the study evaluates the water absorption behaviour of natural fibres/ 
polypropylene composites, and presents the influence of water absorption on their mechanical 
characteristics. Kinetic studies of the water absorption process have been presented and 
discussed in this part. 
 
11..22  NNAATTUURRAALL  FFIIBBEERRSS  --  SSTTRRUUCCTTUURREE  AANNDD  CCOOMMPPOOSSIITTIIOONN  
 
Natural fibres consist mostly of cellulose, which is a biopolymer of the plant sugar glucose. 
Other constituents of natural fibres include hemicelluloses, lignin and waxes. 
 
11..22..11  CCeelllluulloossee  
 
Cellulose is an isotactic β-1,4-polyacetal of cellobiose (4-O-β-D-glucopyranosyl-D-glucose). 
The actual base unit ―the cellobiose― consists of two molecules of glucose. 
 

 
 

Figure 1.1 Molecular structure of cellulose  

 
 
The cellobiose polymer chains are ordered in three-dimensional levels forming the 
supramolecular structure of cellulose. The linear polymeric chains (one dimension) form 
sheets that are held together with hydrogen bonds (second dimension). These sheets are 
connected by Van der Waals bonds generating microfibril crystalline structures (third 
dimension). The overall structure of cellulose consists of crystalline and amorphous regions. 
The mechanical properties of cellulose depend on the proportion of each region and the spiral 
angle of microfibrils. 
 
 
11..22..22  HHeemmiicceelllluulloosseess  
 
Hemicelluloses are polysaccharides and differ from cellulose in that they consist of several 
sugar moieties, are mostly branched, and have lower molecular masses with a degree of 
polymerization (DP) of 50 – 200. The two main types of hemicelluloses are xylans and 
glucomannans.  
 
 
11..22..33  LLiiggnniinn  
 
The name lignin is derived from the Latin word lignum meaning wood. After cellulose, lignin 
is the most abundant natural organic polymer. Its content is higher in softwoods (27–33 %) 
than in hardwoods (18–25 %) and grasses (17–24 %).    
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Lignin is a randomly branched polyphenol, made up of phenylpropane (C9) units and it is the 
most complex polymer among naturally occurring high-molecular-weight materials. Due to 
its lipophilic character, lignin decreases the permeation of water across the cell walls ―which 
consist of cellulose fibres and amorphous hemicelluloses― and thereby assists the transport 
of aqueous solutions of nutrients and metabolites in the conducting xylem tissue. Lignin 
imparts rigidity to the cell walls and functions together with hemicelluloses to bind cells in 
woody parts of plants, generating a composite structure with outstanding strength and 
elasticity. Finally, lignified materials effectively resist attacks by microorganisms by 
impeding penetration of destructive enzymes into the cell walls [18].  
 
 
11..22..44  SSttrruuccttuurree  ooff  nnaattuurraall  ffiibbrreess  
 
The supramolecular structure or texture of the cellulose is based on the elementary fibril. The 
elementary fibril is a strand of elementary crystals linked together by segments of long 
cellulose molecules (see Figure 1.2). 
 

 
 
Figure 1.2 Positioning of the cellulose fibrils in wood (left) were M is the middle lamella 

(lignin and hemicelluloses), P is the primary wall (fibril position unarranged), S1 is the 

secondary wall I (two or more fibrillar layers crossing one another and positioned spirally 

along the fibre axis), S2 is the secondary wall II (fibrils wound spirally around the fibre axis), 

S3 is the secondary wall III (fibrils tightly interlaced); and in cotton fibers, where P is the 

primary wall (interlaced fibrils) and S is the secondary wall (fibrils wound spirally around 

the fibre axis; in distinct distances along the fibre axis the spiral reverses direction). 
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11..22..55  CCllaassssiiffiiccaattiioonn  ooff  nnaattuurraall  ffiibbrreess  
 
Natural fibres can be classified according to which part of the plant are they obtained from 
(see Figure 1.3). 
 

Figure 1.3 Classification of natural fibres 

 
 
In this study, the following four types of fibres were used for the preparation of composites: 
(1) cellulose fibres from mechanical pulp, (2) coir fibres, (3) sisal fibres and (4) Luffa sponge 
fibres. 
 
Cellulose fibres were generated in Kraft pulping process of Eucalyptus wood for the paper 
industry. These fibres were collected from the walls and floors of the factory during 
production and constitute a residue for the paper industry. Consequently, finding a post-
production application for these fibres ―for example in composites― represents a great 
advantage for the paper producers. 
 
Coir is the stiff fibre taken from coconut husks, which happens to be an unassuming and 
versatile product. The main products of coir are mats and matting, brushes, needled felt for 
insulation, stitched erosion control blankets and rubberised coir. Since the 1990s, coir pith has 
been used globally as a soil amendment. Major coir-producing countries include India, Sri 
Lanka and Thailand, while other countries with the potential to expand their coir exports 
include the Philippines, Vietnam and several South American and African countries. 
 
Sisal is the fibre taken from the leaf of the sisal plant (Agave sisalana, Perrine) and belongs to 
the denominated hard or cordage fibres, because they are used principally to make rope. 
These fibres are stiff, strong and rough textured. Sisal has many industrial uses and is strongly 
competitive with synthetic fibres. Traditionally knotted from the rough hard fibres are such 
items as sandals, footmats, rugs and twine. A more modern application of sisal fibres is as 
geotextiles, which are textiles (fabrics) used in or near the ground to enhance the ground's 
characteristics. The major producers of sisal fibres are located in Brazil, China, Kenya, 
Tanzania and Madagascar. 
 

                                                                     
                                                                    Plant fibres 
                                                                      Cellulosic fibres 
 
 
 
  Bast fibres                 Leaf fibres                  Seed fibres                 Fruit fibres            Wood fibres 
 
 
- flax                         - agaves, e.g.            - cotton                      - coir                - e.g. pinewood    
- hemp                         sisal                       - kapok   
- jute                         - banana   
- kenaf 
- rami 
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Luffa sponges are the fibrous interiors of the fruits of the luffa sponge gourd plant (Luffa 
aegyptiaca Mill.). The dry mature fruit or gourd consists of a hard shell surrounding a stiff, 
dense network of cellulose fibres, adapted for support and dispersal of hundreds of flat, 
smooth, black seeds. Luffa sponge products are used mainly in personal hygiene, but also in 
domestic ―such as scrubbers for pots, pans, barbecue grills, tires, and many other surfaces 
that are tolerant to the abrasive fibres. The tough fibres can also be processed into industrial 
products such as filters, insulation, and packing materials. Luffa sponges are produced mainly 
in China, El Salvador, Korea, Taiwan, Guatemala, Columbia, and Venezuela. 
 
 
11..33  NNAATTUURRAALL  FFIIBBRREESS//PPOOLLYYPPRROOPPYYLLEENNEE  CCOOMMPPOOSSIITTEESS..  FFIIBBRREE//MMAATTRRIIXX  

CCOOMMPPAATTIIBBIILLIITTYY  AANNDD  IINNTTEERRAACCTTIIOONN  
 
The interface between fibre and matrix influences the mechanical properties of reinforced 
composites. Low adhesion between both layers causes a considerable decrease in the 
mechanical behaviour of the material, as the interface becomes a weak point in the material. 
Consequently, good surface properties are required to obtain composites with high 
performance. The hydrophilic nature of natural fibres ―due to the existence of many 
hydroxyl groups in cellulose― presents a major problem for their use in composites, because 
it results in low compatibility with hydrophobic polyolefin matrices [13].  
 
Chemical modification of natural fibres involves various chemical treatments aimed at 
reducing their hydroxyl group content or introducing crosslinking between the filler fibres and 
the polymeric matrix. Basically, these involve the introduction of a third material (a coupling 
agent) with intermediate properties to bring compatibility between the polar fibres and the 
non-polar matrix [19]. 
 
11..33..11  GGrraafftt  ccooppoollyymmeerriissaattiioonn  
 
Graft copolymerisation is a method of chemical coupling in which compatibilisation is 
improved by the introduction of polypropylene grafted with maleic anhydride or PPgMA. 
This forms a bridge of chemical bonds between the fibres and the matrix. In addition, the 
composites obtained via this method show lower moisture absorption, and more favourable 
mechanical properties and adhesion between the two phases. The mechanism underlying this 
reaction can be divided into two steps [13]: 
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(a) activation of the copolymer by heating (t = 170oC) 
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Figure 1.4 Mechanism of the graft – copolymerisation process 

 
  
11..33..22  SSuurrffaaccee  mmooddiiffiiccaattiioonn  wwiitthh  oorrggaannoossiillaanneess  
 
Other coupling agents used to improve the bonding between the thermoplastic polymer matrix 
and natural fibres are polyisocyanates, triazines and organosilanes. The basic formula of 
silanes coupling agents consist in an organo-functional group in one side of the chain and an 
alkoxy group in the other. The organofunctional group is the one that causes the reaction with 
the polymer meanwhile the alkoxy group undergo hydrolysis, condensation and later 
esterification with the hydroxyl groups of the cellulose. 

 

 

R (CH2)n Si(OR´)3  
Figure 1.5 Structure of organosilanes coupling agents 

 
 
The general mechanism in which organosilanes form bonds with the fibre surface can be 
represented  as follows[20]: 
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Figure 1.6 Reaction of vinyltrimethoxysilane with cellulose fibers 

 

11..33..33  AAcceettyyllaattiioonn  
 
Acetylation is a process in which the hydroxyl group of hemicelluloses and lignin react with 
acetic anhydride, forming esters. The obtained hydrophobic nature of the fibres is more 
compatible with non-polar polymers used as matrix. 
 
 
Cellulose–OH  + CH3 – CO – O – CO – CH3           Cellulose– O – CO – CH3  +  CH3COOH 
 

Figure 1.7. Acetylation mechanism 

 
 
On the whole, all these chemical treatments improve the adhesion and compatibility between 
the two phases of the composite. In addition, they help achieve better performance in the 
composite, such as reduced moisture absorption, greater wettability, and improved 
mechanical properties. Moreover, these chemical treatments improve the thermal and thermo–
oxidative stability of the composite materials by increasing their oxidation temperature. 
 
 
11..33..44  SSuurrffaaccee  mmooddiiffiiccaattiioonn  wwiitthh  mmaaccrrooiinniittiiaattoorrss  ssuucchh  aass  ppeerrooxxiiddee  oolliiggoommeerrss  
 
Peroxide oligomers are macro initiators that contain peroxide (-O-O-) groups and highly polar 
and reactive groups (anhydride, carboxylic, hydroxylic, amino) groups situated statistically 
along the backbone chain. Peroxide oligomers are therefore able to (a) act as coupling agent 
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that are attached to the filler surface owing to chemical interaction with surface groups, and 
(b) form chemical bonds with the matrix macromolecules with the aid of the peroxidic 
group[21]. 
 
 
 
11..44  MMEECCHHAANNIICCAALL  PPRROOPPEERRTTIIEESS  OOFF  NNAATTUURRAALL  FFIIBBRREESS  //  PPOOLLYYPPRROOPPYYLLEENNEE  

CCOOMMPPOOSSIITTEESS  
 
The tensile properties of natural fibre reinforced plastics depend on a number of parameters 
including fibre length, loading and orientation, and the degree of adhesion between the fibres 
and the matrix [13, 22]. Therefore the correct chemical treatment and choice of fibre can 
provide composite materials with excellent tensile behaviour, similar as other polymeric 
composites filled with glass fibre or carbon fibre. 
 
Fatigue behaviour is highly influenced by variables such as type of fibre, textile architecture, 
fibre – matrix adhesion, fibre mechanical properties and amount of fibres [23]. As a result of 
these variables, woven and untreated composites showed inferior fatigue behaviour than do 
unidirectional and chemically treated ones [24]. 
 
With respect to the impact behaviour of composites, it can be stated that high impact strength 
is related with increasing fibre content and smaller fibre length [13, 25]. 
 
The addition of small amounts of cellulose fibres to a thermoplastic matrix, results in an 
increase of the crystallization temperature (Tc), a decrease in the heat of fusion (∆Hf) and a 
higher percentage of crystallinity (Xc) compared with the unfilled polymer [26-28]. This 
behaviour can be explained by the fibre surfaces acting as nucleation sites for the 
crystallization of the polymeric matrix.  
 
The addition of short fibres of cellulose results in a remarkable increase of the stiffness [28]. 
Additionally, the incorporation of natural fibres induces reinforcement effects, which increase 
the heat-form and thermal-mechanical stability of the material at high temperatures. In 
conclusion, the viscoelastic properties of the polymers are considerably affected by adding the 
natural fibres, but this effect depends on the composition and individual component properties 
of the composites [29, 30].  
 
11..55  WWAATTEERR  AABBSSOORRPPTTIIOONN  OONN  NNAATTUURRAALL  FFIIBBRREESS//PPOOLLYYPPRROOPPYYLLEENNEE  

CCOOMMPPOOSSIITTEESS  
 
Moisture penetration into composite materials is conducted by three different mechanisms: 
(1) diffusion of water molecules into the microgaps between polymer chains, which is the 
main mechanism, (2) capillary transport into the gaps and flaws at the interfaces between 
fibres and polymer, due to incomplete wettability and impregnation, and (3) transport by 
microcracks in the matrix, formed during the compounding process. 
 
In spite of the fact that all three mechanisms are active in the case of exposure of the 
composite materials to moisture, the overall effect can be modelled conveniently considering 
the diffusional mechanism only. In general, diffusion behaviour in glassy polymers can be 
classified according to the relative mobility of the penetrant and of the polymer segments, into 
three different categories of diffusion behaviour [31]: 
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Case I, or Fickian diffusion occurs when the rate of diffusion is much less than that of the 
polymer segment mobility. Equilibrium inside the polymer is rapidly reached and it is 
maintained with independence of time. 
 
Case II (and Super Case II) occurs when the penetrant mobility is much greater than other 
relaxation processes. This diffusion is characterised by the development of a boundary 
between the swollen outer part and the inner glassy core of the polymer. The boundary 
advances at a constant velocity and the core diminishes in size until an equilibrium penetrant 
concentration is reached in the whole polymer. 
 
Non-Fickian or anomalous diffusion occurs when the penetrant mobility and the polymer 
segment relaxation are comparable. This is an intermediate behaviour between Case I and 
Case II diffusion. 
 
These three diffusion cases can be distinguished theoretically by the shape of the sorption 
curve represented by the following expression: 
 

nt tk
M

M
⋅=

∞

 (Eq. 1) 

 
where Mt is the moisture content at time t; M∞ is the moisture content at the equilibrium; and k 
and n are constants.  
 
The value of coefficient n shows the different behaviour between cases; for Fickian diffusion 
it is n = ½, while for Case II n = 1 (and for Super Case II n >1). For anomalous diffusion, n 
shows an intermediate value (½  < n < 1). Moisture absorption in natural fibre reinforced 
plastics usually follows the Case I Fickian behaviour, so further attention will be focused on 
its study. 
 
As mentioned previously, in addition to diffusion there are two other mechanisms involved in 
moisture penetration. The capillarity mechanism involves the flow of water molecules into the 
interface between fibres and matrix. This is particularly important when the interfacial 
adhesion is weak and when the debonding of the fibres and the matrix has started. The other 
mechanism involced ―transport by microcracks― includes the flow and storage of water in 
the cracks, pores or small channels in the composite structure. These imperfections can be 
originated during the processing of the material or due to environmental and service effects. 
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22..  EEXXPPEERRIIMMEENNTTAALL  

 
 
22..11  MMAATTEERRIIAALLSS  
 
Two different polypropylenes were used in this study as matrices for the preparation of 
composites: (a) post-industrial polypropylene containing a small amount of ethylene vinyl 
acetate (PP/EVA) supplied by Polykemi, Sweden, and (b) pure polypropylene homopolymer 
supplied by Borealis, Sweden. 
 
The following components were used for the surface modification of the fibres: (a) 
polypropylene-grafted-maleic anhydride copolymer (PPgMA) Epolene supplied by Eastman, 
Germany, (b) vinyltrimethoxysilane 97% supplied by Aldrich, (c) acetic acid glacial and. (d) 
acetic anhydride, with the two latter supplied by Merck. 
 
Four different natural fibres were used: (a) cellulose fibres from the Kraft pulping process 
supplied by Komotini Paper Mill, Greece; (b) sisal fibres, (c) coir fibres, and (d) Luffa 
sponge, all three supplied by the Department of Mechanical Engineering of the University of 
Dar es Salaam, Tanzania. 
 
22..22  CCHHAARRAACCTTEERRIIZZAATTIIOONN  OOFF  TTHHEE  FFIIBBRREESS  
 
The fibres used in this study were physically and chemically characterized at the Swedish 
Pulp and Paper Research Institute. The physical characterization was done using Fibermaster 
equipment providing detailed information about diameter, length and aspect ratio of the 
fibres. The chemical characterization consisted in two methods: (1) the SCAN-CM49 for 
determination of the acetone extract and (2) the AH23-18 for determination of the 
carbohydrates, the Klason lignin and the acid soluble lignin. 
 
22..33  SSUURRFFAACCEE  MMOODDIIFFIICCAATTIIOONN  OOFF  TTHHEE  FFIIBBEERRSS  
 
Four different methods were used for the modifications of the fibres prior to the preparation 
of the composites in order to improve the compatibilisation fibre-matrix. 
 
22..33..11  MMooddiiffiiccaattiioonn  bbyy  PPPPggMMAA  iinn  hhoott  ssoolluuttiioonn  
 
PPgMA was dissolved in toluene at ≈100ºC. When it was completed dissolved, the cellulose 
fibres were immersed in the solution and kept during 5 minutes at 100ºC. The cellulose was 
filtered and then kept in the oven at 70ºC during 24 hours in order to evaporate the solvent 
completely. The quantities of PPgMA and cellulose were calculated to be 5% in weight of 
PPgMA in the cellulose fibres. 
 
 
22..33..22  MMooddiiffiiccaattiioonn  bbyy  PPPPggMMAA  dduurriinngg  pprroocceessssiinngg  
 
PPgMA was added during the preparation of the composites by hot compounding at 190˚C in 
a twin-roll mixer. The PP used as matrix together with the PPgMA were added first and when 
melted, cellulose fibres where added to them and the mixing was kept during 10 minutes. 
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22..33..33  MMooddiiffiiccaattiioonn  bbyy  oorrggaannoossiillaanneess  
 
Vinyltrimethoxysilane was dissolved in a hot solution (≈60ºC) of acetone/water (95/5 v/v) 
with a 3% (based on the cellulose weight) of benzoyl peroxide as initiator. The cellulose 
fibres were immersed in the solution and kept during 2 hours at that temperature. The 
cellulose was filtered and then kept in the oven at 70ºC during 24 hours. The quantity of 
silane used was calculated in order to be 5% in weight of silane in the cellulose fibres. 
 
 
22..33..44  MMooddiiffiiccaattiioonn  bbyy  aacceettyyllaattiioonn  
 
The cellulose fibres were soaked in glacial acetic acid with 3-4 drops of sulphuric acid at 
room temperature for 1 hour and then decanted. The fibres were then soaked in acetic 
anhydride with two drops of sulphuric acid during 5 minutes. The fibres were washed with 
water several times, filtered and then dried in the oven at 70ºC during 24 hours [32]. The 
degree of acetylation was estimated using thermogravimetric analysis (TGA), giving a result 
of around 1,9 % by weight [33]. 
 
 
22..33..55  MMooddiiffiiccaattiioonn  wwiitthh  ppeerrooxxiiddee  oolliiggoommeerrss  
 
Different peroxide oligomers were synthesized at the Lviv Polytechnic University, in Lviv, in 
the Ukraine. In Table 2.1., the chemical structure of the different modifiers is presented: 
 
 

Table 2.1 Peroxide modifiers used for the modification of cellulose fibres 

Name Peroxide modifier 
Modifier content,  

g per 100 g  
of cellulose 
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Table 2.1 Continuation 

Name Peroxide modifier 
Modifier content,  

g per 100 g  
of cellulose 
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22..44  PPRREEPPAARRAATTIIOONN  OOFF  TTHHEE  CCOOMMPPOOSSIITTEESS  

 
The composites were prepared by blending the components in a twin-roll mixer Brabender W 
30 EHT. The conditions used for the blending were: temperature 190˚C, and rotating speed 
60-70 rpm. The PP was first added to the mixer together with the compatibiliser (where the 
fibres have not already been modified). After the thermoplastic matrix was melted, the fibres 
were added and the mixing maintained for 10 min. 
 
The resulting composites were chopped and then moulded into films 7 mm long by 7 mm 
wide by 0,5 mm thick, using compression moulding at 190˚C and 200 bar for three minutes. 
 
The samples presented in Table 2.2 were prepared for studying the influence of the fibre 
content in the composites. 
 

Table 2.2 Samples prepared for the study of the influence of fibers on composites 

Sample name Composition 
20cell nomod-PP/EVA 80 wt% PP/EVA + 20 wt% cellulose without modification 
40cell nomod-PP/EVA 60 wt% PP/EVA + 40 wt% cellulose without modification 
60cell nomod-PP/EVA 40 wt% PP/EVA + 60 wt% cellulose without modification 

 
 
The samples presented in Table 2.3 were prepared for the comparison of the influence of 
different surface modification methods. 
 
 



Natural fibres/polypropylene composites from residual and recycled materials 
 

 - 13 – 
 

 
Table 2.3 Samples prepared for the study of different surface modifications 

Sample name Composition 
40cell MA-PP/EVA 60 wt% PP/EVA + 40 wt% cellulose modified with PPgMA 

40cell MAmec-PP/EVA 60 wt% PP/EVA + 40 wt% cellulose modified with PPgMA 
during processing 

40cell silane-PP/EVA 60 wt% PP/EVA + 40 wt% cellulose modified with silanes 
40cell acetyl-PP/EVA 60 wt% PP/EVA + 40 wt% cellulose modified by acetylation 

40cell H3-PP/EVA 60 wt% PP/EVA + 40 wt% cellulose modified with H3 
40cell H4-PP/EVA 60 wt% PP/EVA + 40 wt% cellulose modified with H4 
40cell H5-PP/EVA 60 wt% PP/EVA + 40 wt% cellulose modified with H5 

40cell YR01.12-1-PP/EVA 60 wt% PP/EVA + 40 wt% cellulose modified with YR01.12-1 
40cell YR01.12-2-PP/EVA 60 wt% PP/EVA + 40 wt% cellulose modified with YR01.12-2 
 
 
Table 2.4 presents samples prepared for the study of the influence of different natural fibres 
and different polymeric matrixes on the properties of the composites, as well as water 
absorption. 
 
 

Table 2.4 Samples prepared with different matrixes and natural fibres 

Sample Composition 
10cell-PP 85 wt% PP + 10 wt% cellulose + 5 wt% PPgMA 
20cell-PP 75 wt% PP + 20 wt% cellulose + 5 wt% PPgMA 
30cell-PP 65 wt% PP + 30 wt% cellulose + 5 wt% PPgMA 
10sisal-PP 85 wt% PP + 10 wt% sisal + 5 wt% PPgMA 
20sisal-PP 75 wt% PP + 20 wt% sisal + 5 wt% PPgMA 
30sisal-PP 65 wt% PP + 30 wt% sisal + 5 wt% PPgMA 
10coir-PP 85 wt% PP + 10 wt% coir + 5 wt% PPgMA 
20coir-PP 75 wt% PP + 20 wt% coir + 5 wt% PPgMA 
30coir-PP 65 wt% PP + 30 wt% coir + 5 wt% PPgMA 
10luffa-PP 85 wt% PP + 10 wt% luffa + 5 wt% PPgMA 
20luffa-PP 75 wt% PP + 20 wt% luffa + 5 wt% PPgMA 
30luffa-PP 65 wt% PP + 30 wt% luffa + 5 wt% PPgMA 

10cell-PP/EVA 85 wt% PP/EVA + 10 wt% cellulose + 5 wt% PPgMA 
20cell-PP/EVA 75 wt% PP/EVA + 20 wt% cellulose + 5 wt% PPgMA 
30cell-PP/EVA 65 wt% PP/EVA + 30 wt% cellulose + 5 wt% PPgMA 
10sisal-PP/EVA 85 wt% PP/EVA + 10 wt% sisal + 5 wt% PPgMA 
20sisal-PP/EVA 75 wt% PP/EVA + 20 wt% sisal + 5 wt% PPgMA 
30sisal-PP/EVA 65 wt% PP/EVA + 30 wt% sisal + 5 wt% PPgMA 
10coir-PP/EVA 85 wt% PP/EVA + 10 wt% coir + 5 wt% PPgMA 
20coir-PP/EVA 75 wt% PP/EVA + 20 wt% coir + 5 wt% PPgMA 
30coir-PP/EVA 65 wt% PP/EVA + 30 wt% coir + 5 wt% PPgMA 
10luffa-PP/EVA 85 wt% PP/EVA + 10 wt% luffa + 5 wt% PPgMA 
20luffa-PP/EVA 75 wt% PP/EVA + 20 wt% luffa + 5 wt% PPgMA 
30luffa-PP/EVA 65 wt% PP/EVA + 30 wt% luffa + 5 wt% PPgMA 
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22..55  EEVVAALLUUAATTIIOONN  OOFF  TTHHEE  WWAATTEERR  AABBSSOORRPPTTIIOONN  

 
Sorption tests were performed following the guidelines laid out in the Standard Test Method 
for Water Absorption of Plastics ASTM D 570-98. The water absorption of all the blends of 
composites was studied at three different temperatures: 23°C, 50°C and 70°C (±1°C). 
Rectangular specimens of length 72 mm, breadth 5 mm and thickness 0.5 mm were cut with a 
scalpel from the sheets prepared by compression moulding and dried for 24h at 70°C to 
remove the absorbed water. The dry weights of these samples were recorded and the 
specimens then immersed in hermetic glass bottles that contained deionised water. These 
were placed in ovens at the specified temperatures. Six specimens of each blend were 
immersed in the baths of deionised water, from where they were periodically removed and 
replaced so as to follow the increases in weight during the absorption process. The 
measurements were taken in a Mettler Toledo AG245 microbalance to the 0.01mg of 
accuracy. Before weighting, the samples were blotted dry to remove any superficial water. 
The moisture content at each time was calculated according to Eq. 2: 
 

100(%) 0 ⋅
−

=
t

t
t w

ww
M  (Eq. 2) 

 
where Mt(%) is the moisture content in percentage; wt is the weight of the wet sample at the 
time t; and w0 is the initial weight of the sample.   



Natural fibres/polypropylene composites from residual and recycled materials 
 

 - 15 – 
 

33  RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONN  

 
33..11  CCHHAARRAACCTTEERRIIZZAATTIIOONN  OOFF  TTHHEE  FFIIBBRREESS  

 
Physical characterization describes the lengths and shape of the fibres. These parameters are 
important as they may influence the resulting mechanical properties of composites. The 
results from the physical characterization of the fibres in this study have been presented in 
Table 3.1. 
 

Table 3.1 Physical characteristics of the natural fibres 

Fibre Average length 
[mm] 

Average diameter 
[µm] 

Average shape 
factor [%] 

Cellulose from pulp 0,624 29,6 90,01 
Sisal 0,615 25,9 94,36 
Coir 0,838 38,4 93,36 

Luffa sponge 0,500 34,5 92,59 
 
 
The shape factor describes the degree of extension of the fibre. This measure goes from 0 to 
100 %, where 100 % means a completely straight fibre. The fibres analysed here exhibit very 
high average shape factor values; which was in some way expected, as these fibres are not 
very long, and longer fibres usually have lower shape factor.  
 
 
Chemical characterization revealed the proportion of each component making up the fibres. 
These results have been presented in Table 3.2. Important differences were found depending 
on the different types and procedence of the fibres, especially in regard to cellulose and lignin 
contents. Coir exhibited the highest lignin content, in contrast with the cellulose having the 
lowest. Comparing these further, coir is taken from the coconut fruit, which present high 
rigidity and hardness, indicating its high content of lignin. On the other hand, cellulose fibres 
have already been already treated to eliminate the lignin and they only have the residual lignin 
remaining after the pulping process. 
 
 

Table 3.2 Chemical composition of the fibres 

Fibre Cellulose [%] Hemicelluloses [%] Lignin [%] Others [%] 
Cellulose from pulp 71,71 13,80 3,92 10,57 

Sisal 56,52 16,49 10,62 16,36 
Coir 33,00 17,91 36,14 12,95 

Luffa sponge 50,15 15,57 14,41 19,87 
 
 
 
33..22  CCHHEEMMIICCAALL  MMOODDIIFFIICCAATTIIOONN  OOFF  CCEELLLLUULLOOSSEE  FFIIBBRREESS  

 
Composites prepared with different surface modified cellulose fibres were subjected to 
thermal analysis. The results of this analysis have been presented in Table 3.3. 
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Table 3.3 Thermal properties of composites with different chemically modified celluloses 

Sample Crystallinity [%] T of crystallization [˚C] Melting point [˚C] T of oxidation [˚C] 

PP/EVA 44,0 123 165 196 
40nomod 59,8 121 162 180 

40modMAmec 45,8 120 162 185 
40modMAsol 43,9 119 159 180 
40modsilanes 42,9 118 156 179 
40modacetyl 46,3 123 163 172 

40modH3 44,7 119 157 189 
40modH4 43,8 120 157 191 
40modH5 42,9 119 156 193 

40modYR01.12-1 44,0 120 159 190 
40modYR01.12-2 46,6 121 161 194 

 
 
The melting point (Tm) and the temperature of oxidation (Tox) are influenced more by the 
fibres and their modifications than other properties are. The addition of new reactive chemical 
groups and the processing of the material contribute to the loss of oxidative stability, evident 
in the decrease in the temperature of oxidation.  However, the use of PPgMA modified fibres 
seems to inhibit some of these disadvantages, giving instead a more robust thermo-oxidative 
stability and an increase in the temperature of oxidation of 5 ˚C compared with the composite 
prepared with non-modified cellulose. An even better improvement was achieved using 
peroxide oligomers as modifiers. The lower melting point values indicate that the 
crystallization process occurs more rapidly and that the crystals formed are smaller 
―probably due to a higher nucleation that acts as a coupling agent for the PP. The addition of 
other compatibilizers or coupling agents can, as occurs with the cellulose modified with 
PPgMA, leads to even more desirable results due to the additional PP chains presents in the 
compatibilizer itself.  
 
 
Figure 3.1 presents the results for the dynamic mechanical thermal analysis (DMTA) of 
PP/EVA and composites with 40% of cellulose chemically modified. Two different 
transitions were observed, the β transition between -20°C and 20°C and the α transition 
between 30°C and 100 °C. The later transition can also be subdivided in two sub-transitions, 
αa between 30°C and 80°C and the αb between 80°C and 100°C. From this last temperature 
the points does not follow a clear trend because of the deformation in the material due to the 
high temperatures next to the melting point. It can also be pointed that every transition implies 
a change in the decreasing slope of the log E´ curve and the increase in the tanδ, which 
indicates that the blends become more viscous in nature with rising temperature. The lower 
curves corresponding to the tan δ representation, which permit the observation of the chain 
flexibility, related to the sharpening of the β-transition peak. Sharper peaks are characteristics 
of lower crystalline, and therefore with lower modulus, polymers. With the increasing 
crystallinity the transition becomes broader and the peaks are smoothed. This gives an idea 
about the chain flexibility of the material, sharper peaks are related to higher chain flexibility 
than broader peaks, i.e. every transition bears to the increase in the value of tanδ and the 
subsequent increase in the loss modulus E´´ but after the transition part of this increase can be 
recovered lowering again the E´´ value.  
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Figure 3.1 DMTA results for composites with different modified celluloses 

 
The composite with non-modified cellulose resulted to have the highest modulus, the 
composites made from cellulose treated with silanes and acetylated have also a good 
behaviour whilst the composites prepared with cellulose modified with MA, both 
mechanically and in solution, does not represent an enhanced mechanical behaviour. 
However, the behaviour is very similar in all the samples and the differences are not 
significant.  
 
Tensile testes performed on the composites gave the results presented in Table 3.4. The 
introduction of the fibres leads to an increase of the Young’s modulus and the decrease of the 
stress and strain at upper yield. The composites are stiffer but less tough than the PP/EVA 
itself. This change in the mechanical properties is even more accentuated for those composites 
prepared with surface modified celluloses. However, the composite prepared with cellulose 
modified with PPgMA during processing presents a great advantage compared to the rest of 
composites: the higher values of stress and strain, which imply a better combination of 
stiffness and toughness. However, it can be concluded that the effect on mechanical properties 
of the different modifiers is very similar and the final election of modifier will depend more 
on the processing characteristics of each modification method. Therefore, modification with 
PPgMA during processing was chosen as the method to use on the following steps because of 
its simplicity and good results. 
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Table 3.4 Mechanical properties of composites with different modified celluloses 

Sample Modulus 

[MPa] 

Stress at Upper 

Yield [MPa] 

Strain at Upper 

Yield [%] 

PP/EVA 670,928 28,673 9,610 

40cell nomod-PP/EVA 1055,098 15,485 2,989 

40cell MAmec-PP/EVA 944,276 14,242 2,759 

40cell MA-PP/EVA 956,349 6,196 1,235 

40cell silane-PP/EVA 1347,974 11,665 2,041 

40cell acetyl-PP/EVA 1211,108 7,627 1,213 

40cell H3-PP/EVA 1025,878 9,512 2,264 

40cell H4-PP/EVA 994,513 11,516 2,338 

40cell H5-PP/EVA 1152,234 9,399 2,088 

40cell YR01.12-1-PP/EVA 1164,356 8,544 2,277 

40cell YR01.12-2-PP/EVA 1118,193 12,455 2,346 

 
 
33..33  PPRROOPPEERRTTIIEESS  OOFF  CCOOMMPPOOSSIITTEESS  

 
Table 3.5 presents the results from the thermal analysis performed on the different natural 
fibres/polypropylene composites. As previously described for composites with different 
surface modified celluloses, the addition of the fibres leads to lower melting points and 
temperatures of oxidation also in these types of fibres. 
 

Table 3.5 Thermal properties of composites with different natural fibres 

Sample Crystallinity 
[%] 

T of crystallization 
[˚C] 

Melting point 
[˚C] 

T of oxidation 
[˚C] 

PP 59,8 122 165 196 
10cell-PP 59,4 120 158 182 
20cell-PP 58,9 120 158 183 
30cell-PP 60,1 119 157 181 
10sisal-PP 55,8 120 157 181 
20sisal-PP 57,2 120 156 182 
30sisal-PP 58,1 120 154 183 
10coir-PP 52,6 120 156 179 
20coir-PP 58,5 121 155 177 
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Table 3.5 Continuation 
Sample Crystallinity, 

% 
T of 

crystallization, ˚C 
Melting 
point, ˚C 

T of oxidation, 
˚C 

30coir-PP 60,4 120 154 176 
10luffa-PP 57,7 120 158 179 
20luffa-PP 64,1 119 158 187 
30luffa-PP 61,7 119 160 194 
PP/EVA 44,0 123 165 204 

10cell-PP/EVA 46,4 121 161 185 
20cell-PP/EVA 45,8 121 161 182 
30cell-PP/EVA 46,7 120 160 182 
10sisal-PP/EVA 46,2 121 159 179 
20sisal-PP/EVA 45,9 120 157 183 
30sisal-PP/EVA 44,0 120 158 182 
10coir-PP/EVA 43,2 121 161 181 
20coir-PP/EVA 43,8 121 160 183 
30coir-PP/EVA 47,1 122 160 180 
10luffa-PP/EVA 41,1 121 159 180 
20luffa-PP/EVA 55,6 119 160 194 
30luffa-PP/EVA 60,3 118 160 195 
 
Tensile testes were performed in composites prepared with different fibers. For all different 
fibers, the results were similar. An example of these results (the coir fiber composites) has 
been presented in Figures 3.2, 3.3 and 3.4. 
 

Figure 3.2 Tensile modulus vs. fiber content for composites with coir fibers and two different 

matrixes, PP and PP/EVA 
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The same behavior as previously described can also be observed here, which is that the 
addition of fibers leads to a higher stiffness is observed at the same time as a reduction in 
toughness. 
 
 

Figure 3.3 Tensile stress vs. fiber content for composites with coir fibers and two different 

matrixes, PP and PP/EVA 

 
 
Slightly better results can be observed however in the composites prepared with the PP/EVA 
matrix, which exhibit higher strain and stress at upper yield, as it can be seen in Figures 3.3 
and 3.4. This enhancement of properties could be due to the chemical structure of EVA, 
which at one end has acetate groups that can react with the –OH groups of the cellulose and at 
the other end has an ethylene chain compatible with the PP; and can therefore be considered 
to be an additional coupling agent. Thus, the presence of EVA will permit a better adhesion 
fiber-matrix and consequently, better mechanical properties. 
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Figure 3.4 Tensile stress vs. fiber content for composites with coir fibers and two different 

matrixes, PP and PP/EVA 

 
 
 
33..44  WWAATTEERR  AABBSSOORRPPTTIIOONN  IINN  CCOOMMPPOOSSIITTEESS  

 
33..44..11  WWaatteerr  aabbssoorrppttiioonn  kkiinneettiiccss  
 
The gravimetrical analysis for measuring the water absorption in composite materials 
evaluates the increase in weight of the samples for different immersion times. The moisture 
content can be easily calculated from these results applying Eq. 2.  
 
The water absorption curves obtained represent the change in moisture content with time for 
the samples immersed at a constant temperature. Figure 3.5 is an example of water absorption 
curves for the cellulose-PP samples immersed in water at 23°C. It can be seen in the same 
figure that the fibre content in the composites clearly influences the absorption curves. The 
increase in the fibre percentage leads to higher values of moisture absorption for the same 
values of immersion time. This was already expected, because of the hydrophilic nature of the 
natural fibres, and it is shown for nearly all the composite blends analysed. Moreover, the 
increase of the fibre content in the composite material also increases the volume of the 
interfacial region, where the water molecules can be easily included.   
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Figure 3.5 Absorption curves for cellulose/PP composites at 23˚C 

 
The temperature of the absorption process also has a remarkable influence on the water 
absorption curves. Figure 3.6 presents the absorption curves for 30sisal-PP samples at 
different temperatures. It can be concluded that the temperature stimulates the water uptake of 
the composite materials. 
 

Figure 3.6 Absorption curves for 30sisal-PP at different temperatures of immersion 
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Some interesting parameters can be analysed using the water absorption curves. First of all, it 
is important to evaluate the saturation moisture content of the composites (M∞), which is the 
equilibrium value for the water content when the samples are exposed to immersion for a long 
period of time. Secondly, the time it takes to reach this saturation value can provide one 
approach to tackle the kinetics of the diffusion process. This duration can be estimated by the 
saturation time (ts), which has been calculated as the instant when the sample reaches the 95% 
of the saturation content. Figure 3.7 shows the graphical method to calculate the saturation 
time. 
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Figure 3.7 Estimation of the saturation time (ts) 

 
The saturation moisture content and time results for all the composites have been presented in 
Table 3.6. 
 

Table 3.6 Calculated values of saturated moisture content and saturation times 

Saturated moisture content     
[%] 

Saturation time [hr] Sample 

23°C 50°C 70°C 23°C 50°C 70°C 

10cell-PP 2,6 2,05 2,6 198,7 41,23 23,77 
20cell-PP 4,93 4,99 4,91 42,86 33,85 5,49 
30cell-PP 7,15 6,66 6,45 23,57 8,36 3,42 
10sisal-PP 3,12 4,09 4,04 158,67 54,06 11,43 
20sisal-PP 4,96 5,15 4,97 100,66 23,06 4,49 
30sisal-PP 6,48 6,31 5,95 67,62 16,53 5,04 
10coir-PP 3,24 3,67 2,72 205,23 105,86 27,12 
20coir-PP 4,58 4,27 4,48 83,06 83,47 2,17 
30coir-PP 5,45 6,19 5,48 26,8 27,33 1,62 
10luffa-PP 2,79 2,37 2,43 72,57 37,83 9,08 
20luffa-PP 4,24 4,5 4,46 73,68 12,7 3,63 
30luffa-PP 8,26 6,98 7,76 35,14 4,94 2,57 

M∞ 

0,95M∞ 

ts 
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Table 3.6 Continuation 
Sample Saturated moisture content     

[%] Saturation time [hr] 

 23°C 50°C 70°C 23°C 50°C 70°C 

20cell-PP/EVA 5,20 4,18 4,12 114,8 46,3 18,3 
30cell-PP/EVA 6,92 5,91 5,77 69,9 23,1 8,2 
10sisal-PP/EVA 2,26 3,01 3,26 361,8 122,4 30,4 
20sisal-PP/EVA 4,26 4,31 4,78 259,6 35,9 16,2 
30sisal-PP/EVA 6,33 5,72 6,41 195,6 25,9 6,1 
10coir-PP/EVA 1,65 2,70 2,91 298,2 215,0 63,8 
20coir-PP/EVA 3,61 4,02 4,68 264,3 93,6 21,0 
30coir-PP/EVA 5,96 5,77 6,29 214,2 27,3 11,3 
10luffa-PP/EVA 2,88 2,90 3,57 216,4 113,1 85,3 
20luffa-PP/EVA 4,25 4,27 4,63 248,5 32,8 8,3 
30luffa-PP/EVA 6,25 5,10 5,83 84,8 18,3 6,2 

 
 
A number of conclusions can be drawn from the saturation parameter results. Firstly, as the 
saturated moisture content depends mostly on the fibre content of the composites, then higher 
values for the saturated water content are obtained for higher fibre loadings. 
 
The temperature of the immersion apparently has no effect on the saturated moisture content 
of the composites containing the same fibre contents. The differences in the values could be 
due to the internal structure of the films.  
 
The saturated moisture content has approximately the same values for the corresponding 
composite materials with whether pure PP or recycled PP as a matrix. Therefore, the type of 
matrix has no apparent effect on this parameter. 
 
The saturation time is highly influenced by the fibre content and the temperature of the water 
absorption. As it can be observed, when the fibre percentage and the temperature are 
increased, the saturation time is reduced. Only some discrepancies appear for PP/luffa 
composites, as it has been noticed before. 
 
PP/EVA composites have longer saturation time than their correspondent composites with PP 
as matrix. This result may be another sign about the enhanced compatibilization between 
PP/EVA and the fibres. 
 
 
The analysis of the diffusion mechanism and kinetics was performed once the water 
absorption curves at the different three temperatures were obtained for all the composite 
materials. Composite materials usually present Fickian diffusion profiles, but this fact should 
be proved with the experimental results of the different blends of composite materials. 
 
As explained in the theoretical background of this thesis, the different diffusion cases can be 
distinguished from the shape of the curve provided by Eq. 1. Nevertheless, in this analysis, 
the experimental data were fitted to the logarithmic equation (Eq. 3) whose slope determines 
the diffusion case: 
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An example of the fitting of the experimental data to Eq. 3 is shown in Figure 3.8 for 
cellulose-PP/EVA composites at a temperature of 23°C.  

 
Figure 3.8 Diffusion case fitting plot for cellulose-PP/EVA composites immersed at 23˚C 

 
The values of the parameters n and k calculated from the fitting of the experimental data to 
Eq.3 have been presented in Table 3.7. 
 

Table 3.7 Calculated values of n and k 

Temperature 
23°C 

Temperature 
50°C 

Temperature 
70°C Sample 

n k [hr2] n k [hr2] n k [hr2] 
10cell-PP 0,4145 0,1278 0,3008 0,1018 0,3691 0,3950 
20cell-PP 0,4603 0,2034 0,3026 0,1710 0,5142 0,6616 
30cell-PP 0,5016 0,2503 0,3831 0,2588 0,4739 0,7563 
10sisal-PP 0,4993 0,7849 0,4219 0,1070 0,3906 0,4419 
20sisal-PP 0,5414 0,1007 0,4225 0,1162 0,6825 0,4036 
30sisal-PP 0,5806 0,1044 0,6531 0,1386 0,4984 0,3468 
10coir-PP 0,5545 0,1495 0,3938 0,0824 0,5369 0,5103 
20coir-PP 0,6397 0,1397 0,3858 0,1022 0,4473 0,7019 
30coir-PP 0,5890 0,1831 0,3450 0,1550 0,4275 0,8004 
10luffa-PP 0,5790 0,1582 0,4399 0,1573 0,4929 0,3998 
20luffa-PP 0,5908 0,0937 0,6386 0,1299 0,4834 0,5120 
30luffa-PP 0,6067 0,2007 0,4783 0,1928 0,5149 0,8200 

y = 0,4563x - 1,1064

R2 = 0,9987

y = 0,4977x - 0,9622

R2 = 0,9988

y = 0,5227x - 0,9178

R2 = 0,9998
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Table 3.7 Continuation 

Sample 
Temperature 

23°C 
Temperature 

50°C 
Temperature 

70°C 
 n k [hr2] n k [hr2] n k [hr2] 

20cell-PP/EVA 0,4977 0,1091 0,4871 0,1710 0,3789 0,3254 
30cell-PP/EVA 0,5227 0,1208 0,4390 0,2588 0,3632 0,4704 
10sisal-PP/EVA 0,6202 0,0415 0,5053 0,1070 0,4636 0,1848 
20sisal-PP/EVA 0,5432 0,0527 0,5633 0,1162 0,5094 0,2466 
30sisal-PP/EVA 0,5461 0,0730 0,5922 0,1386 0,5115 0,3779 
10coir-PP/EVA 0,5957 0,0523 0,5643 0,0824 0,4691 0,2008 
20coir-PP/EVA 0,4750 0,0817 0,5237 0,1022 0,4775 0,3016 
30coir-PP/EVA 0,5308 0,0731 0,5420 0,1550 0,4977 0,2999 
10luffa-PP/EVA 0,5767 0,1501 0,5022 0,1573 0,3639 0,4116 
20luffa-PP/EVA 0,5055 0,0586 0,5849 0,1299 0,6152 0,2688 
30luffa-PP/EVA 0,6002 0,0925 0,5295 0,1928 0,6377 0,2986 

 
 
From the results of diffusion case selection analysis, it can be concluded that the diffusional 
behaviour approaches towards the Fickian case, since all the results for the parameter n are 
close to the value 0.5 representative for Fickian diffusion.  
 
 
Once it has been proved that the water absorption in all the sets of PP/natural fibre composites 
follow the Fickian diffusion behaviour, an analysis of the parameters of this theoretical model 
must be performed. The diffusion coefficient is the most important parameter of the Fick’s 
model, which characterizes the ability of solvent molecules to penetrate inside the composite 
structure.  
 
The absorption curve as function of the square root of time is linear in the initial stage [34]. 
Eq. 4 verifies that the moisture diffusion coefficient can be obtained from the slope of the 
linear part of the plot of Mt/M∞ vs. (time)0,5⋅ b-1, as has been graphically presented in Figure 
3.9. 
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Figure 3.9 Determination of the diffusion coefficent from the Fick´s normalized plot 

 
 
 

 
Figure 3.10 Fick´s normalized plot for the coir-PP/EVA composites 

 
Fick’s normalized graphs for all the composite materials analyzed at the three different 
temperatures were generated. Figure 3.10. is an example of a Fick´s normalized graph for 
coir-PP/EVA composites. The values of the moisture diffusion coefficient, which are obtained 
from the fitting of the linear part of the plots to Fick’s normalized Eq. 4 are shown in Table 
3.8. These results for the diffusion coefficient compare quite favourably with the conclusions 
reported by other authors for similar composite materials [17]. 
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Table 3.8 Calculated diffusion coefficients 

Diffusion coefficient 
[m2/s] x 1013 

Diffusion coefficient 
[m2/s] x 1013 Sample 

23°C 50°C 70°C 
Sample 

23°C 50°C 70°C 
10cell-PP 1,67 7,81 16,5 10cell-PP/EVA 0,64 1,71 5,11 
20cell-PP 5,07 20,6 71,4 20cell-PP/EVA 1,33 5,26 12,8 
30cell-PP 8,84 27,9 103,1 30cell-PP/EVA 3,41 8,34 29,9 
10sisal-PP 0,83 6,01 27,1 10sisal-PP/EVA 0,54 1,67 4,69 
20sisal-PP 2,30 10,3 45,3 20sisal-PP/EVA 0,74 3,88 10,3 
30sisal-PP 3,84 13,3 69,5 30sisal-PP/EVA 1,85 7,27 31,2 
10coir-PP 4,34 10,4 33,9 10coir-PP/EVA 0,86 1,86 6,93 
20coir-PP 6,11 22,4 66,6 20coir-PP/EVA 1,07 2,59 15,2 
30coir-PP 10,9 39,3 111,8 30coir-PP/EVA 1,26 4,92 21,0 
10luffa-PP 5,30 12,7 23,6 10luffa-PP/EVA 5,02 4,20 25,7 
20luffa-PP 3,08 19,3 53,4 20luffa-PP/EVA 0,66 5,68 29,8 
30luffa-PP 18,30 45,1 171,5 30luffa-PP/EVA 5,07 9,54 40,0 

 
 
 
 
The diffusion process is strongly affected by temperature. The temperature dependence of the 
diffusion coefficient in Fickian systems can be expressed by the Arrhenius relation [34]: 
 










⋅
−⋅=

TR

E
DD aexp0  (Eq. 5) 

 
where D0 is the permeability index, Ea is the activation energy of the diffusion process and R 
is the universal gas constant. 
 
 
With the results of the diffusion coefficients for all the different materials, the relationship 
between this coefficient and temperature was studied. Although only three temperatures were 
analysed, the values fit reasonably well to the Arrhenius behaviour. Figure 3.11 is an example 
of the Arrhenius dependence of the diffusion coefficient with temperature for the different 
cellulose-PP/EVA composites. 
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Figure 3.11 Arrhenius dependence of the diffusion coefficients for cellulose-PP/EVA 

composites 

 
The results of the Arrhenius parameters ―activation energy of the diffusion process Ea and 
permeability index D0― have been presented in Table 3.9. Unfortunately, a comparison 
between the obtained results and the corresponding for other similar works with natural 
fibre/polymeric composites could not be done, because closely related literature was not 
available. 
 

Table 3.9 Arrhenius parameters for the dependence of the diffusion coefficient with 

temperature. 

Arrhenius parameters Arrhenius parameters 
Sample 

Ea (KJ/mol) D0     (m
2/s) 

Sample 
Ea (KJ/mol) D0      (m

2/s) 
10cell-PP 4,99 3,67E-06 10cell-PP/EVA 4,39 1,66E-07 
20cell-PP 5,65 9,28E-05 20cell-PP/EVA 4,89 1,98E-06 
30cell-PP 5,20 3,39E-05 30cell-PP/EVA 4,56 1,48E-06 
10sisal-PP 7,50 7,97E-03 10sisal-PP/EVA 4,61 2,95E-07 
20sisal-PP 6,34 4,23E-04 20sisal-PP/EVA 5,72 1,84E-05 
30sisal-PP 6,09 2,91E-04 30sisal-PP/EVA 5,99 1,05E-04 
10coir-PP 4,32 8,64E-07 10coir-PP/EVA 4,35 2,95E-07 
20coir-PP 5,10 1,74E-05 20coir-PP/EVA 5,50 1,05E-05 
30coir-PP 4,99 2,20E-05 30coir-PP/EVA 5,97 6,54E-05 
10luffa-PP 3,22 2,73E-08 10luffa-PP/EVA - - 
20luffa-PP 6,19 3,84E-04 20luffa-PP/EVA 8,19 6,47E-02 
30luffa-PP 4,68 1,21E-05 30luffa-PP/EVA 4,27 7,84E-07 

y = -4555,9x - 13,425
R2 = 0,949
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Figure  3.12 shows Fick’s plot for the composites with 10 and 30% (w/w) cellulose contents, 
employing PP and PP/EVA as matrix. From these graphs it can be stated that PP composites 
present higher values of diffusion coefficient than their respective composites with PP/EVA 
as matrix. This statement can be explained due to the fact that PP/EVA may have better 
compatibilization with the fibres than PP, probably because EVA also acts as a coupling 
agent. With better impregnation between matrix and fibres, the velocity of the diffusional 
processes decreases since there are less gaps in the interfacial region and also hydrophilic 
groups as hydroxils are blocked by the coupling effect. 
 

Figure 3.12 Influence of the type of matrix on the water absorption in cellulose composites 

 
33..44..22  IInnfflluueennccee  ooff  wwaatteerr  aabbssoorrppttiioonn  oonn  tthhee  pprrooppeerrttiieess  ooff  ccoommppoossiitteess  
 
After studying the performance of the hydrothermal ageing on the different blends of 
composites at 23°C, 50°C and 70°C, their mechanical properties were analysed by means of 
tensile tests. The stress and strain at maximum load, together with Young’s modulus were 
obtained from these analyses.  
 
Figures 3.13, 3.14 and 3.15 present comparisons of the mechanical properties of composites 
before and after water absorption. On the whole, the properties of composite materials are 
greatly decreased after the uptake of moisture, because the water molecules affect the 
structure and properties of the fibres, matrix and the interface between them. 
 
In Figure 3.13, the Young’s modulus of the composite material can be seen to decreases after 
hydrothermal ageing, which follows a similar pattern to maximum stress results. Composites 
with higher fibre content show a remarkable decrease in their modulus, mainly due to the fact 
that water absorption effects are stronger in those composites. 
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Figure 3.13 Comparison of tensile modulus of Luffa-PP/EVA composites before and after 

water absorption 

 
 
 
The stress at maximum load results showed that these values were slightly reduced after water 
absorption for all the composite blends, as shown in Figure 3.14. This effect was particularly 
evident for the composites with higher fibre content, with maximum stress becoming 
drastically reduced. High temperatures of the moisture absorption also favour a decrease in 
the stress at maximum load. 
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Figure 3.14 Comparison of tensile stress of Luffa-PP/EVA composites before and after water 

absorption 

 
The behaviour of strain at maximum load accompanied by hydrothermal ageing is rather more 
complex. It has been reported that water molecules act as a plasticiser agent in the composite 
material, which would be expected to lead to an increase of the maximum strain for the 
composites after water absorption [17, 35]. This increase could be seen in composites with a 
low fibre content when they were immersed in water at low temperatures, and in particular for 
those that employed PP/EVA as matrix. For composites with higher fibre content and a higher 
water temperature, the maximum strain was also reduced after hydrothermal ageing, as it 
appears in Figures 3.15. The explanation for this is that plasticising effect of water arises at a 
low water content ―that is, at low water temperature in composites with a low fibre loading 
and a PP/EVA matrix. In the other cases, the degradation effect of water in the structure of the 
material is superior to the plasticiser effect, so the maximum strain is reduced. 
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Figure 3.15 Comparison of tensile strain of Luffa-PP/EVA composites before and after water 

absorption 

 
 
The type of fibre does not seem to exhibit a marked influence on the variation in the 
mechanical properties of the composites after the uptake of water. Luffa and coir reinforced 
composites seem to be the ones that possess the poorest behaviour against ageing, with their 
mechanical properties decreasing by up to 50% compared with the dry values. 
 
No clear conclusions can be drawn about how the type of matrix affects the variation of the 
mechanical properties. The rate of variation of the mechanical properties after hydrothermal 
ageing is similar in the corresponding composites with the two matrices studied here, 
although composites with the PP/EVA matrix seem to resist better the effects of water 
absorption, mostly at higher temperatures. 
 
 
Figure 3.16 shows the effect of water on the morphology of the composite materials. The 
structure of natural fibres is based in different layers of cellulose fibrils, with lignin acting as 
an adhesive between them. However this structure is damaged after water degradation, as the 
bonding between layers is destroyed. This effect can be seen comparing scanning electron 
micrographs taken before and after hydrothermal ageing. The damage on the surface and 
structure of the fibres after hydrothermal ageing is clearly evident in the micrographs. 
Furthermore, hydrothermal ageing is responsible of the loss of compatibility between the 
fibres and matrix, which results in a weaker composite structure. This effect can be seen again 
by comparing the wettability of the fibres in the matrix observed before and after exposure to 
water. After exposure to water the “pull-out” phenomenon can be observed resulting, which 
indicates the loss of interfacial adhesion fibre-matrix. 
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(a) (b) 

 

(c) 

Figure 3.16 Scanning electron micrographs for 20sisal-PP/EVA composites: (a) before 

hydrothermal ageing, (b) after hydrothermal ageing at 50°C, (c) after hydrothermal ageing at 

50°C 
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44..  CCOONNCCLLUUSSIIOONNSS..  

 
 
The addition of natural fibres to the polymeric matrix affects substantially the 
properties of the resulting composite material. When fibres are added to the matrix, the 
melting and crystallization behaviour is altered. Moreover, the thermo-oxidative stability is 
reduced by the addition of fibres. PP composites reinforced with natural fibres show enhanced 
mechanical properties. Fibre loading results on a decrease in toughness and an increase in 
stiffness. 
 
 
Surface modification of the fibres was proven to have a beneficial effect on the 
interaction fibre-matrix. This leads to an even more marked change in the mechanical 
properties, and in some cases to improvement in thermo-oxidative behaviour. All the surface 
modification methods showed similar properties, though the modification with PPgMA 
resulted in the most suitable method for upscaling, as it combines simplicity with desirable 
results. 
 
 
The water absorption in PP/natural fibre composite materials can be modelled using 
Fick’s law. The values of the diffusion coefficient are affected by external factors such as 
fibre loading, temperature and type of fibre and matrix. The dependence of the diffusion 
coefficient on temperature can be represented by an Arrhenius-type relationship. Composites 
with PP/EVA matrices show lower diffusion coefficient values than their respective PP 
composites counterparts. This finding may provide evidence of the superior compatibilisation 
between PP/EVA and the fibres, due to the fact that EVA probably acts as coupling agent 
together with PPgMA.  
 
 
Water absorption causes important changes in the morphology of the composites. This is 
because it causes: (a) the swelling and degradation of the fibres, (b) alters the configuration of 
the matrix, and (c) reduces the compatibilisation between fibres and matrix. The mechanical 
properties are drastically reduced after hydrothermal ageing. Water molecules can act as a 
plasticising agent on the composite material, though this effect is only important at low levels 
of water uptake. 
 
 
Post industrial PP, PP/EVA, shows favourable performance as a matrix for reinforced 
composites. From the results of the characterisation study on composites, it can be concluded 
that composites using a PP/EVA as matrix show similar properties to their respective PP 
matrix counterparts.  Furthermore, natural fibre-PP/EVA composites showed better 
performance in regard to hydrothermal ageing and water diffusion, as seen in the diffusion 
studies. This finding may provide evidence of the probable effect of EVA as coupling agent, 
with the improvement of the compatibilisation between fibres and matrix. 
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