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Abstract 

Rice husks are an important by-product of rice milling process and are major waste product of the agricultural 
industry. Rice husk contain nearly 20 mass% silica, which is present in hydrated amorphous form. They have 
now become a great source as a raw biomass material for manufacturing of value-added silicon composite 
products, including silicon carbide, silicon nitride, silicon tetrachloride, magnesium silicide, pure silicon, zeolite, 
fillers of rubber and plastic composites, cement, adsorbent and support of heterogeneous catalysts. The rice husk 
was subjected to pyrolysis in fluidized-bed pilot plant in air or nitrogen atmosphere. The controlled thermal 
degradation of the rice husks in air or nitrogen leads to production of white rice husks ash (WRHA) and black 
rice husks ash (BRHA) respectively. WRHA contains almost pure (95mass %) silica in a hydrated amorphous 
form, similar to silica gel, with high porosity and reactive surface OH groups. BRHA contains different amounts 
of carbon and silica in amorphous form with high specific surface area and porosity. The raw rice husks and the 
obtained pyrolysis products were used as fillers of polypropylene (PP) and tetrafluoroethylene-ethylene 
copolymer (TFE-E) composites. The kinetics and thermodynamics of water adsorption onto filled polypropylene 
composites during soaking were studied at different temperatures, quantities and nature of fillers. It was 
established, that the adsorption kinetics was limited by intra-particle diffusion in plane sheet particles. The 
sorption process is exothermal in nature and accompanied with decrease of the entropy. 

The physicomechanical properties of composite materials were determined. The fillers introduced in 
polypropylene change the mechanical strength and make the composites brittle. This change is more pronounced 
for the composites with BRHA and RRH, followed by WRHA. The composites studied showed lower elongation 
at break. The biggest decrease was observed for the composites with BRHA where ε decrease from 500 (for the 
initial PP) to 7 % at filling degree of 20 mass %. The effects of the amount of adsorbed water, temperature and 
treatment time on the composites tensile properties were estimated. It was found after immersion in water that 
the composites improve their tensile strength compared to initial non-treated samples. The thermal stability and 
kinetics of non-isothermal degradation of PP and TFE-E composites filled with 10 or 20 mass % vigorously 
grounded and mixed RRH, BRHA, WRHA and Aerosil Degussa (AR) were studied. Using different calculation 
procedures the most probably kinetic mechanism was found to be described by kinetic equations of n-th order (Fn 
mechanism). The kinetic parameters were obtained, and a linear dependence between ln A and E was observed, 
known also as kinetic compensation effect.  

The abundance of a waste from paddy milling industry, as well as its interesting complex of behaviors are 
prerequisite for success for obtaining of cheap and valuable products and gives a new alternatives for its 
applications. The production of value added materials from rice husks not only facilitates utilization of an 
abundantly available agro waste, but also reduces the environmental pollution and solves a serious ecological 
problem. 

Keywords: rice husks, pyrolysis, black and white rice husks ash, fillers, polymer composites 

1. Introduction 

The production of rice, one of the major food crops in the world, generates one of the major wastes of the world, 
namely, rice husks (RH). It is one of the agricultural “waste” materials available in large amounts in rice 
producing countries, which is amenable for value addition. A number of reviews and monographs (Govindarao, 
1980; Bailey et al., 1999; Sun & Gong, 2001; Kaushik et al., 2001; Chandrasekhar et al., 2003; Babel & 
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Kurniawan, 2003; Liou, 2004; Chuah et al., 2005; Crini, 2006; Muthadhi et al., 2007; Rozainee, 2007) have been 
dedicated to rice husks and the products obtained from its thermal degradation at different conditions. It is 
reported that about 0.23 tons of RH are generated per ton of rice produced. Efforts to utilize it have been 
handicapped by their tough, woody, abrasive nature, low nutritive properties, and resistance to degradation, great 
bulk and high ash content. Such efforts have resulted in minor usage, mostly in low-value applications in 
agricultural areas or as fuel. Little advantage is taken of the RH and pollution is caused in such disposal 
processes. However, because of the high silicon content in RH, its utilization has been significantly widened in 
the past few decades. At present, RH and especially rice husks ashes (RHA) obtained after controlled burning of 
rice husks are the raw materials for the production of a series of silicon-based materials (Sun & Gong, 2001; 
Mishra et al., 1986; Della et al., 2002; Watari et al., 2003), including silica (James & Rao, 1986; Kalapathy et al., 
2000, 2002; Zaky et al., 2008), activated carbon (Watari et al., 2006; Kalderis et al., 2008), sodium silicate 
(Kalapathy et al., 2000; Sekar & Virutha, 2005), silicon tetrachloride (Basu et al., 1973; Seo et al., 2003), sodium 
silicofluoride (Sun & Gong, 2001) and silanes (Acharya et al., 1980; Nandi et al., 1991). The high reactivity and 
purity of RHA makes it an ideal starting material/silica source for preparing advanced materials like sialon (Sun 
& Gong, 2001; Rahnman & Saleh, 1995), silicon carbide (Krishnarao et al., 1998; Rodriguez-Lugo et al., 2002; 
Sujirote & Leangsuwan, 2003), silicon nitride (Kumar & Godkhindi, 1996; Real et al., 2004), cordierite (Sun & 
Gong, 2001; S. Kurama & H. Kurama, 2008), forsterite (Sun & Gong, 2001), gehlenite (Sun & Gong, 2001; Han 
et al., 1999), pure elemental silicon (Sun & Gong, 2001; Hunt et al., 1984), magnesium silicide (Acharya et al., 
1980; Ghosh et al., 1991), Si-O-C fibers (Sun & Gong, 2001; Shimokawa et al., 1992), zeolites (Gokhal et al., 
1986; Chareonpanich et al., 2004) etc. Recently, RHA has been successfully used as a sorbent of heavy metal 
ions, dyes and pigments from aqueous solutions (Mohanty et al., 2006; Lakshmi et al., 2009; Sharma et al., 2010) 
and as a support of Ni, Cu, Cr or V containing catalysts for various organic reactions and it was found to be 
preferable over silica gel (Tsai & Chang, 2000; Chang et al., 2005, 2006; Renu et al., 2008). 

In the last two decades, RH and the products of its thermal degradation are often used as fillers in paper, paint 
(Chandrasekhar et al., 2003), polymers (Saheb & Jog, 1999; Chaudhary et al., 2002, 2004; Choi et al., 2006), 
polymeric composites (Siriwardena et al., 2002; Premalal et al., 2003; Kim et al., 2004; Nassar, 2007), rubber 
(Ismail & Mega, 2001; Zurina et al., 2004; Arayapranee et al., 2005), cement (Singh et al., 2001; Jauberthie et al., 
2003; Asavapisit & Ruengrit, 2005), adhesives and fertilizers (Chandrasekhar et al., 2003). By the addition of 
fillers, the mechanical, thermal, chemical and other properties of the material are improved. Controlled burning 
of RH in air or inert atmosphere yields two grades of fillers, namely white rice husks ash (WRHA) and black rice 
husks ash (BRHA). Both these RHA have been used as fillers in polyethylene (Panthapulakkal et al., 2005; Yao 
et al., 2008), polypropylene (Fuad et al., 1993, 1995; Premalal et al., 2002; Siriwardena et al., 2003; Ismail et al., 
2003; Yang et al., 2004, 2007; Fuad et al., 1994; Toro et al., 2005), polystyrene (Ismail et al., 2003) etc. 
(Siriwardena et al., 2001; 2002). Tremendous opportunities exist in more exhaustive research on the RHA-
polymer composites, which can lead to the futuristic “organic-inorganic hybrid materials” with specific 
properties. In this respect, the aim of the present work is to describe the possibility for utilization of raw rice 
husks and the products of its thermal degradation as fillers in different polymer plastics composites.  

2. Chemical Constituent, Structure and Properties of Raw Rice Husks  

According to the statistical data of Food and Agriculture Organization (FAO), the global annual paddy 
production reached 628 million tons in 2005 with an additional 1 % increase in 2006 (Yao et al., 2008). These 
large quantities of RH are available as waste from rice milling industry. These husks are not of commercial 
interest and cause serious pollution problems. It is necessary, then, to consider the use of this residue in polymer 
formulations with a clear positive effect to the environment. In nature, RH is tough, insoluble in water, woody 
and characterized by its abrasive inherent resistance behavior and silica-cellulose structural arrangement. Its 
major constituents are cellulose, hemicelluloses, lignin, hydrated silica and ash content. The exterior of RH is 
composed of dentate rectangular elements, mostly silica coated with a thick cuticle and surface hairs, while the 
mid region and inner epidermis are usually containing a small amount of silica. The chemical constituents are 
found to vary from sample to sample which may be due to the different geographical conditions, type of paddy, 
climatic variation, soil chemistry and fertilizers used in the paddy growth (Chaudhary & Jollands, 2004; 
Kennedy et al., 2004; Chandrasekhar et al., 2005). Govindarao (1980), in an extensive review, has analyzed all 
the data reported on the chemical composition of RH from various countries, including western world and Asia, 
and gives an average composition of dry basis as organic matter 80% and ash 20%. The chemical analyses of the 
inorganic part in rice husks showed that the main component is amorphous silica and small amounts of some 
oxides of alkali, alkali earth metals, aluminum and iron. There are significant variations in the last mentioned 
compounds, due to the use of different chemical fertilizers in the paddy field in addition to the difference in the 
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soil chemistry. 

3. Technologies Available for Rice Husks Thermal Degradation 

Four thermal treatment technologies have been widely used to produce amorphous silica and silica/carbon from 
RH: muffle furnace, rotary kiln, stepped grate furnace and inclined grate furnace. According to the literature data 
(Rozainee, 2007; Daifullah et al., 2003; Natarajan et al., 1998; Petro et al., 1987; Bhattacharya et al., 1984; 
Ganesh et al., 1992; Mansaray et al., 1999; Huang et al., 2001; Armesto et al., 2002; Jiang et al., 2003), the 
thermal degradation of RH may be carried out under static or dynamic conditions. The products obtained are 
brittle, amorphous and porous. The major disadvantages of this method for thermal degradation of RH are its 
high energy consumption, batch-like process, absence of mixing amongst the reactants, low production rate, long 
reaction time and risk of explosion.  

It is impossible to mix the reactants (RH and oxygen) aiming to increase the rates of mass and heat transfer and, 
therefore, the RH feed has to be spread as a very thin layer inside the furnace to ensure sufficient oxygen transfer 
on micro-level. This in turn limits the amount of RH that could be processed in any one time. The absence of 
mixing also results in the formation of ash with intact skeleton-like shape which tends to entrap any unburnt 
carbon and makes it difficult to be oxidized. Since the process is taking place in a closed system, the absence of 
free-flowing oxygen results also in incomplete oxidation of carbon in the husks. To prevent the risk of 
crystallization, the furnace need to be operated at a lower temperature range (400-600°C), which in turn requires 
longer treatment periods (3 to 6 hours) in order to achieve high carbon conversion efficiency. RH contain a high 
amount of volatiles, (in the excess of 60 mass%, wet basis) and the sudden release of these volatiles upon 
exposure to high temperature in a closed system such as that of the muffle furnace might pose the risk of 
explosion. 

The analysis of literature data showed that products of high quality and economic advantage may be obtained 
under dynamic conditions using bubbling fluidized bed reactor for burning or pyrolysis of RRH (Rozainee, 2007; 
Rozainee at al., 2008, Janvijitsakul & Kuprianov, 2008; Estevez et al., 2009; Fang et al., 2004, Qiaoqun et al., 
2005). The fluidized bed technology is selected as preferable for the production of amorphous silica from RH. 
On the basis of results obtained from previous studies carried out with laboratory equipment, a pilot plant for 
pyrolysis of RRH with productivity of 100 kg/h RRH was built. Figure 1 shows the overall schematic diagram of 
fluidized bed combustor system. 

 
Figure 1. Overall schematic diagram of the 0.3 inner diameter fluidized bed combustor system 

 

Metal serpentines are installed in the volume of the two hot cyclones and in the volume of the uppermost part of 
the fluidized bed combustor. Inside them, deionized water flows in reverse direction to the exhaust fumes. The 
water gets heated and vaporizes, which results in high temperature steam. Thus a triple effect is achieved: the 
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ecological problem of the utilization of waste RH is solved and BRHA or WRHA, which is a commercial 
product, and technological steam are obtained. 

4. Physicochemical Characteristics of Rice Husk and the Products of Its Thermal Degradation  

The main physicochemical characteristics of the RH and the products of its thermal degradation in different 
atmosphere used as fillers of polymers are morphology, crystalline or amorphous state, surface reactivity 
functional groups, thermal stability and pore structure. The typical morphology of RRH, WRHA and BRHA was 
examined by a scanning electron microscopy. SEM micrographs of RRH, after combustion in air or after 
pyrolysis in nitrogen atmosphere at 973K are presented in (Genieva et al., 2008; Vlaev et al., 2009; Vlaev et al., 
2011). The structure of the pyrolysis product is globular and contained mainly amorphous and porous SiO2 and 
for BRHA about 5.3 mass% amorphous carbons with true density 1.8 g cm–3 and surface area 241 m2 g–1. 

The XRD patterns of the RRH and pyrolyzed RH, as well as Aerosil A200, are described in (Genieva et al., 2008; 
Vlaev et al., 2009). All the samples were amorphous, although a broad diffused peak centred at about 2 = 22.5° 
was observed. Reflexes characterizing cristobalite or tridymite phase were not observed in the samples studied 
which indicates for the absence of any crystalline phases.  

The pore structure of the products of the thermal degradation of RH was studied using low temperature 
adsorption of nitrogen. On Figure 2 are shown the typical nitrogen adsorption-desorption isotherms of BRHA 
and WRHA and pore size distribution curves of both samples. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Adsorption-desorption isotherms of BRHA and WRHA and pore size distribution curves 
 

As can be seen from Figure 2, the adsorption isotherms of BRHA and WRHA are of type IV and each had 
hysteresis loop (associated with capillary condensation) from type H1 according IUPAC classification (Gregg & 
Sing, 1982; Tanev & Vlaev, 1993). According to these observations, both the samples were mainly microporous 
(mean radius 1.8-2.0 nm) with narrow pore size distribution. It can be seen that the adsorption isotherms and the 
curves of pore volume distribution of BRHA and WRHA are identical. The uniformity of the adsorption 
isotherms for WRHA and BRHA shows that the presence of certain amount of amorphous carbon did not result 
in substantial changes in the amorphous SiO2 porous structure. This is sustained by the fact that the specific 
surface area of both samples was in the order of 230-240 m2/g, and pore volume 0.22-0.25 cm3/g. This was 
considered to be a sound basis to expect that both products could be used as adsorbents, although it should be 
kept in mind that hydrophilic WRHA will adsorb predominantly polar molecules while hydrophilic will adsorb 
mostly non-polar molecules. Taking into account these differences and characteristics of BRHA and WRHA, we 
carried out studies on the adsorption of diesel fuel and crude oil onto BRHA and WRHA, obtained in our pilot 
plant fluidized bed reactor.  

Infrared spectroscopy provides information on the chemical structure and surface functional groups of the 
samples. In the IR spectrum of RRH, WRHA and BRHA the different groups in which silicon exists, e.g. 
siloxane Si-O-Si and silanol Si-OH, are best observed (Genieva et al., 2008;). The RRH are characterized by 
broad band between 3750 and 2800 cm–1. The O-H stretching mode of hexagonal groups and adsorbed water can 
be assigned to this band. The position and asymmetry of this band at lower wave numbers indicate the presence 
of strong hydrogen bonds. The adsorption band observed at 2920 cm–1 was related to aliphatic C-H groups and 
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the very small peak near 1720 cm–1 was attributed to the C=O stretching vibrations of ketons, aldehydes, 
lactones or carboxyl groups. The weak bands at 1600 cm–1 and 1500 cm–1 correspond to bending vibration of 
H2O molecules physically adsorbed onto rice husks and C-H deformation vibrations, respectively. The 
predominant absorbance peak at 1320 cm–1 was due to stretching vibrations and the one at 450 cm–1 was due to 
bending vibration of siloxane bonds (Si-O-Si). The peaks between 1200 and 700 cm–1 are attributed to vibration 
modes of the Si-O network. The IR spectrum of the BRHA obtained did not differ significantly from that of raw 
rice husks, except for the quite higher intensities of the bands at 1045 and 450 cm–1. This can be explained with 
the decrease of organic matter content and its transformation into active carbon. The thermal treatment of RH in 
air, however, resulted in very different IR spectrum. Wide, highly intense peak was observed with maximum at 
3420 cm–1, attributed to the stretching vibrations of silanol groups. The bands at 1050, 1150 and 790 cm–1 
correspond to the Si-O stretching vibration and the bending vibration at 450 cm–1 appeared sharper as the organic 
matter was no longer present. The positions of this feature are the same as those observed for commercial grade 
silica. Probably, the silicon atom was initially attached to the oxygen atom in RRH and after the thermal 
decomposition, the combination of silicon and oxygen atoms lead to the formation of amorphous silica. 

The overall decomposition behavior of RH was reported to be due to decomposition of hemicellulose, cellulose 
and lignin (Liou, 2004). Mansaray and Gally (1999) reported that the hemicellulose and cellulose components of 
the RH were the main contributors to the evolution of the volatile compounds, while lignin is mainly responsible 
for the char portion of the products. According to the data obtained from the thermogravimetric analysis, the 
thermal decomposition of RH in air medium occurred in three main stages of mass loss, namely, removal of 
moisture (drying); release of organic volatile matters (devolatilization) and oxidation of fixed carbon (slow 
combustion) (Liou, 2004; Kalapathy et al., 2000; Siriwardena et al., 2002; Mansaray & Gally, 1999; Chakraverty 
et al., 1985; Amorim et al., 2004). 

The thermogravimetric analysis of WRHA and BRHA obtained by pyrolysis in air and nitrogen atmosphere is 
described in (Vlaev et al., 2009). The mass loss in the first stage (77-150°C) is accompanied with small 
endothermic effect. This is about 7 wt% and is associated with the evolution of adsorbed water in the sample and 
external water bonded by surface tension. The second and major mass loss of nearly 50 wt% is attributed to the 
breakdown of the cellulose constituent to combustible volatiles, water, carbon dioxide and char.  

On the basis of TG-curves, Coats-Redfern calculation procedure and the equation of Ginstling-Brounshtein were 
defined kinetic mechanism and were calculated the kinetics parameters, characterizing non-isothermal 
degradation of RH in air or nitrogen atmosphere (Vlaev et al., 2009). The kinetic curves have two linear regions: 
the first one at temperatures lower than Тр (peak temperature in DTG curve) is steeper and the second one at 
higher temperatures has a smaller slope. For detailed study of the mechanisms of both stages, the values of the 
activation energy E, frequency factor A in Arrhenius equation, change of entropy S≠, enthalpy H≠, Gibbs free 
energy G≠ for the formation of the activated complex from the reagent and the steric factor P = exp(S≠/R) 
were calculated. The higher values of E observed at Т  Тр show that the initial release of volatile products 
occurs under kinetic-diffusion control while the much lower values of E at Т  Тр indicate that pyrolysis takes 
place under typical diffusion control. The negative values of the change of entropy mean that the activated 
complex can be characterized by a much higher “degree of arrangement”. Besides, higher degree of 
“arrangement” was observed in the second stage (higher value of S≠). The significantly lower than unity values 
of the steric factor P in the second stage give enough grounds to classify this stage as “slow”. For the first stage, 
however, the values of P are much closer to unity, so the first stage may be considered as “fast” (Vlaev et al., 
2009). 

5. Utilization of the Rice Husks and the Products of Its Thermal Degradation as Fillers of Polymers  

The thermoplastic composites filled with low cost reinforcing natural fillers are widely used in construction and 
automobile industries and in many consumer goods. The interest towards natural fillers is stipulated by their 
immanent advantages like availability, low cost, renewability, biodegradability, low density, high specific 
strength and non-abrasiveness (Panthapulakkal at al., 2005; Sain et al., 2003; Andreas & Hartmut, 2002). The 
utilization of agricultural waste products, byproducts, and wood, lignin and cellulose materials solves both 
technological and ecological problems related with their deposition. Their transformation into usable industrial 
materials gives economical and ecological benefits (Wang & Sun, 2002; Yang et al., 2003).  

RH are waste product from rice milling industry and, depending on the geographical region, soil and climate, 
contain about 67% carbon, 22% SiO2, 7% H2O and some inorganic components (Bailey et al., 2003; 
Chandrasekhar et al., 2003; Babel & Kurniawan, 2003; Liou, 2004). Carbon is present mainly in cellulose, lignin 
and hemicellulose (Hunt et al., 1984; Sun & Gong, 2001). The high silica content suggests their use as inorganic 
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reinforcing filler for polymers and elastomers (Da Costa et al., 2000; Siriwardena et al., 2002; Ismail et al., 2001). 
Now various synthetic thermoplastic polymers are used with different reinforcing fillers to improve their 
mechanical properties obtain suitable characteristics for specific applications.  

Using RHA as filler in certain polymers gives composites with better physical, thermal, moisture resistance and 
processing properties, as well as better economics (Sun & Gong, 2001; Moreland, 1979; Li et al., 2007). The 
addition of fillers to polymers is a fast and cheap method to modify the properties of the base polymer. Each 
filler brings its own characteristics to the matrices and, consequently, to the properties of the composite. The 
effect of the fillers on the preparation and properties of the composite materials is stipulated by the nature and 
quantity of the filler and some of its physicochemical properties like particles size, hydrophobicity or 
hydrophilicity, specific area and surface functional groups, as well as coefficient of distribution in matrix volume. 
Therefore, composites based on the same filler may have quite different properties depending on the nature, 
physical and chemical composition and compounding conditions (Saneb & Jog, 1999; Chaudhary et al., 2002; 
Chaudhary et al., 2004; Choi et al., 2006). As early as the 1970s, researchers began performing studies on rice 
husks flour (RHF) and rice husks ashes (RHAs) as filler in rubbers and plastics. In this respect, there are many 
publications in the literature reporting for the use of natural fibers (RH, or rice straw fiber) as replacement to 
man-made fiber in fiber-reinforced composites (Sun & Gong, 2001; Chandrasekhar et al., 2003; Saneb & Jog, 
1999; Nassar, 2007; Yao et al., 2008; Premalal et al., 2002; Li et al., 2007). 

Polypropylene (PP) is used in industry in the form of thermoplastic composites prepared by adding different by 
nature and content reinforcing fillers, depending on the intended properties of the materials obtained (Pukanszky, 
1995). The effect of the fillers on the preparation and properties of the composite materials is stipulated by the 
nature and quantity of the filler and some of its physicochemical properties like particles size, hydrophobicity or 
hydrophilicity, specific area and surface functional groups, as well as coefficient of distribution in matrix volume. 
Therefore, composites based on the same filler may have quite different properties depending on the nature, 
physical and chemical composition and compounding conditions (Siriwardena et al., 2003). 

Yang et al. (2004; 2006; 2007) studied the morphological and mechanical properties of flour polypropylene 
composites filled with 10-40 % RH at different testing rates and temperatures. The authors observed decreased 
tensile strengths and increased tensile modules with the increase of the degree of filling. The composites showed 
brittleness at break at high testing rates and plastic deformation at higher temperatures. Advantages of natural 
fibers over man-made fibers include low density, low cost, recyclability and biodegradability (Li et al., 2007). 
These advantages make RH potential replacement for glass fiber in composite materials, which can be applied in 
the plastics, automobile and packaging industries to cut down on material cost.  

5.1 Polypropylene Composites Filled with Rice Husks Ashes  

PP is a major thermoplastic stereoregular polymer widely used in many industries-construction, automotive, 
computer components, wire and cable, home appliances, food packing, medical bags, etc. Their versatility is due 
to their good chemical resistance, low density and a relatively high melting point, so they are useful for storing 
hot liquids. These polymers represent nowadays about 52 mass % of the demand for thermoplastics in the world, 
with a strong increase since. Indeed, these polymers exhibit excellent mechanical and chemical properties, such 
as weather resistance and are cost effective. Furthermore, they are easy to handle, can be pigmented, easily filled 
and reinforced in viscous liquid form (Turmanova et al., 2008). Among the mineral fillers for PP, calcium 
carbonate, talc, clay, silica, glass and carbon fibers are the most often used ones (Sun & Gong, 2001; 
Chandrasekhar et al., 2003; Ismail et al., 2003). By the addition of fillers, the mechanical, thermal, chemical and 
other properties of the plastic are improved. The mechanical properties of composites are the most important 
because they can be influenced by parameters such as the type of filler, type of matrix, filler concentration, filler 
dispersion, filler particle size, and the interaction between the filler and matrix. Extensive studies have been 
carried out during the last decade on the use of WRHA or BRHA as filler materials in PP and PE. Fuad (1994) 
and Fuad et al. (1993; 1994; 1995) investigated their use as fillers and the properties of the composites obtained. 
Flexural modulus and density showed an increase whereas tensile strength, elongation at break and impact 
strength decreased with the increase of filler content. Poor adhesion between polymer and filler was indicated by 
SEM studies. They have also described a simple and accurate method for determination of filler material density. 
The mechanical properties of the composites were of comparable values with the PP composites prepared by 
filling with commercial Neuburg silica (Fuad et al., 1995). With the increase of the RHA loading, PP and PE 
composites flexural modulus and density increased, whereas their tensile strength, elongation at break and 
impact strength decreased. Transformation of the crystalline RHA to amorphous RHA resulted in composites 
with improved tensile strength. The effect of applying titanate, zirconate and silane couplung agents to RHA in 
PP composites and the change in their mechanical properties were also studied (Sun & Gong, 2001; 
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Chandrasekhar et al., 2003; Fuad et al., 1995). When a silane-couplung agent is not applied, the melt shear stress 
and viscosity of PP and PE increased with filler loading. However, if RHA is treated with a silane-coupling agent 
containing the peroxide bis(tert-butylperoxy)diisopropyl benzene, both the melt shear stress and the viscosity of 
PP and PE decreased. The degree of viscosity reduction increases with increasing filler, i.e., peroxide 
concentration. A decrease in viscosity is attributed the peroxide-induced degradation of the matrix (Sun & Gong, 
2001). The effect of coupling agents was also tested and the behavior was compared with two commercial fillers-
precipitated silica (grade Vulcasil-S) and carbon black (grade N330). WRHA was better than the BRHA but still 
inferior to commercial fillers. The tensile and abrasion resistances and hardness of the composites were 
determined.  

5.1.1 IR Analysis 

The IR absorption spectrum of used PP is presented on Figure 3.  

 

 
Figure 3. IR absorption spectra of the used PP 

 

A wide intense absorption plateau was observed in the range 2960-2843 cm–1 attributed to the superposition of 
symmetric and asymmetric stretching vibrations of CH3-, CH2- and CH- groups (Hummel and Scholl, 1968). A 
number of absorption bands with various intensities were registered in the range 1436-452 cm–1; their 
assignments are summarized in Table 1. 

 
Table 1. Adsorption bands in the IR spectra of polypropene and their assignment (Hummel and Scholl, 1968) 
where: vs-very strong; m-medium; vw-very weak; w-weak 

Bands, cm–1 Intensity Assigned to 
2956 
2843 
1434 
1357 
1305 
1255 
1166 
1101 
1043 
998 
974 
900 
841 
809 
528 
456 
452 

vs 
vs 
m 
w 
w 
w 
m 
vw 
vw 
m 
m 
vw 
m 
w 

vw 
vw 
w 

νas (CH3) asymmetric stretching vibration 
νs (CH2) symmetric stretching vibration 

δ (CH2) bending vibration 
δ (CH) bending vibration 
w (CH2 ) wagging vibration 
t (CH2 ) twisting vibration 
νb (CC) stretching vibration 
νb (CC) stretching vibration 
νa (CC) stretching vibration 
rb (CH3) rocking vibration 
ra (CH3) rocking vibration 
νs (CC) stretching vibration 
r (CH) rocking vibration 
νs (CC) stretching vibration 
δa (CC ) bending vibration 
δb (CC ) bending vibration 
w(CCH3) wagging vibration 
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Useful information on the structure of PP filled with different fillers can be obtained by comparing the IR spectra 
of the fillers, initial and filled PP. In Turmanova et al. (2008) the IR spectra of the composite materials obtained 
by filling PP with 20 mass% dispersed fillers of RRH flour, RHAs and for comparison Aerosil A200, Degussa 
(AR) were studied. The IR absorption spectra of PP filled with 20 mass % RRH, BRHA, WRHA or AR are 
presented in Figure 4. 

 

Figure 4. IR absorption spectra of PP filled with 20 mass%: RRH-1, BRHA-2, WRHA-3 and AR-4 
 

It can be seen from Figure 4 that the IR spectra of filled PP contained, naturally, both the absorption bands 
characteristic for the initial PP and these characteristic for the filler. Obviously, the IR spectra of PP filled with 
RRH and BRHA (spectra 1 and 2) are similar in the region 1440-400 cm–1. Unlike spectrum 1, spectrum 2 lacks 
the absorption bands characteristic for the stretching vibrations of OH groups and bending vibrations of water 
molecules in the ranges 3500-3000 cm–1 and 1700-1600 cm–1. The reason for this was considered to be the lack 
of water and OH groups in BRHA, which means they are hydrophobic while RRH, are hydrophilic. This 
substantial difference in the nature of the two fillers could be expected to affect the physicomechanical 
characteristics of the corresponding composite materials. On the other hand, spectra 3 and 4 are almost identical 
since the compositions and structures of WRHA and AR are the same-amorphous SiO2. The bands at 3372, 1690 
and 1620 cm–1 in spectrum 4 were attributed to stretching and bending vibrations of water molecules sorbed onto 
more dispersed commercial product (AR). Therefore, it could be expected that the physicomechanical properties 
of the composite materials obtained with these two fillers would have quite close values (Prachayawarakorn et 
al., 2005; Turmanova et al., 2008).  

5.1.2 X-Ray Analysis  

The data from X-ray analyses of RRH, BRHA, WRHA and AR showed the absence crystalline peaks and 
indicate the amorphous nature of the filers (Genieva et al., 2008; Vlaev et al., 2009). The characteristics of 
composites studied filled with 1 and 20 mass% ingredients, as well as initial PP, are presented in Table 2.  
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Table 2. X-ray structural characteristics of PP composites 

Sample Filler content 
C, mass% 

Degree of crystallinity 
α , % 

Crystallite size, 
Lθ , nm 

PP 0 64.1 21.4 
RRH-1 1 60.0 21.4 

RRH-20 20 53.9 21.4 
BRHA-1 1 63.8 21.4 

BRHA-20 20 60.9 21.4 
WRHA-1 1 64.0 21.4 

WRHA-20 20 57.0 16.1 
AR-1 1 52.8 21.4 

AR-20 20 50.0 16.0 
 
The data presented in Table 2 confirmed that the filler nature and degree of filling did not affect the crystallites 
size in PP. Probably, the filler particles introduced in the polymer do not disturb the degree of arrangement of the 
macrochains and their disposition in the crystalline formations. As a result, the size of the crystal unit did not 
change except for the samples filled with 20 mass% WRHA and AR. The degree of crystallinity was found to 
decrease with the increase of filler content, which was due to its amorphizing effect. 

5.1.3 Determination of the Dielectric Properties of the Composites 

The dielectric properties of PP make it one of the best electric insulating materials known. Knowing the electric 
conductivity, dielectric permeability and dielectric losses of PP based composites is interesting for the practice. 
The measurements the specific electric resistance showed that it was in the range 1014-1015 ohmm. It may be 
concluded, therefore, that the ingredients introduced did not add electric conductivity to the composites, i.e. the 
materials prepared behave as dielectrics.  

It is well known that pure PP has low water adsorption so air moisture and aqueous media do not practically 
affect its dielectric properties. It is interesting to study the effect of cellulose type of filler (like RRH) on the 
change of dielectric properties of PP composites. The results obtained for the dielectric parameter studied are 
summarized in Table 3. 

 
Table 3. Dielectric properties of filled PP composites depending on fillers nature and content 

Composite 
Dielectric 

permeability, ε 
Electric strength 
Ер , kV/m, 10 -4 

Unfilled PP 2.8 4.61
RRH-1 
RRH-3 
RRH-5 
RRH-10 
RRH-20 

3.2 
3.2 
3.2 
3.3 
3.4 

4.48 
4.17 
4.30 
4.52 
4.60 

BRH-1 
BRH-3 
BRH-5 
BRH-10 
BRH-20 

3.0 
3.1 
3.1 
3.1 
3.2 

3.68 
3.41 
4.01 
3.36 
3.31 

WRH-1 
WRH-3 
WRH-5 
WRH-10 
WRH-20 

3.1 
3.0 
3.1 
3.2 
3.2 

3.66 
3.45 
4.08 
3.33 
3.51 

AR-1 
AR-3 
AR-5 
AR-10 
AR-20 

3.2 
3.2 
3.2 
3.3 
3.4 

4.19 
4.10 
4.39 
4.56 
3.63 
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As can be seen from Table 3, the values of Ep decreased for all the composites studied compared to initial PP, 
changing from 4.48 to 3.31 kV/m. This was attributed to redistribution of the field intensity within the dielectric 
material due to the presence of polar groups on the surface of the fillers used. Another possible interpretation of 
the tendency observed could be local heating of non-uniform parts of the matrix induced by the formation of 
aggregates of filler particles and ionization of the air in pores. The filler type did affect this parameter. The 
dielectric constant ε increased with the increase of filler content in all the composites used, compared to the 
initial PP. Since this parameter depended mainly on the introduction of dipole molecules in the dielectric, it could 
be expected that the introduction of polar OH groups (RRH and AR) would lead to substantial increase of ε. The 
data in Table 3 shows that the increase of ε for the composites based on RRH underwent the highest change-from 
3.2 to 3.4 at filling degrees changing from 1 to 20 mass%. The increase for the composites based on WRHA and 
BRHA was measured to be from 3.0 to 3.2 for filling degrees from 1 to 20 mass%. These changes can be 
explained with the influence of the polar groups of the fillers, which induced orientation under electric field, thus 
changing the value of the dielectric permeability and the dielectric losses. For all the composites studied, tg 
changed from 210–4 to 510–4.  

Much work (Saneb & Jog, 1999; Premalal et al., 2003; Panthapulakkal et al., 2005; Premalal et al., 2002; 
Siriwardena et al., 2003; Toro et al., 2005; Huang et al., 2001; Janvijitsakul & Kuprianov, 2008; Hamad & 
Khattab, 1981; Ismail et al., 2003; Razavi-Noiri et al., 2006) has been done to study the potential RRH flour, 
WRHA and BRHA as a filler of polyethylene high density (PEHD) or PP composites. The mechanical properties 
of composites are the most important since they can be influenced by parameters like filler type, matrix type, 
filler concentration, filler dispersion, filler particle size, and the interaction between the filler and matrix 
(Premalal et al., 2003). The authors of the present review reported on the use of raw and thermal treated RH and 
AR as fillers in PP composites and evaluated the phisico-chemical, mechanical and technological properties of 
the above -mentioned composites filled with different percentage RHA. The AR filled PP composites were used 
for comparison.  

The melt flow index (MFI) is an important property for the thermoplasts since it is directly related with their 
processing into articles. The MFI in the PP composites decreased with the increase of the filler content. The MFI 
sharply decreased at filler content up to 3 mass% and then gradually changed up to degrees of filling 20 mass% 
for all the composites studied (Figure 5).  
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Figure 5. Dependence of MFI, g/10 min on the filling degree C, mass%: ♦-RRH; ■-BRHA; ▲-WRHA and ●-
AR 

 
As can be seen from Figure 5, the dependence of MFI on the filler content decreased exponentially and depended 
on filler nature. The active fillers decreased the MFI to greater extent. The strongest effect on the melt flow 
exerted the filler AR and smaller decrease of the melt flow was observed by the use of RRH-3.59 and 1.80 g/10 
min, respectively. The WRHA filler, the chemical composition of which is similar to that of AR, decreased the 
melt flow to greater extent compared to the other two fillers-BRHA and RRH. The differences in the MFI values 
observed were probably due to the differences in the disperse composition of the fillers. The most finely 
dispersed one-AR, has the largest active surface and facilitates the generation of strong adhesion interaction at 
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the phase boundary between the polymer and the filler which decreased the composite’s melt flow index. The 
composites melt flow indices can be arranged in decreasing order as follows: AR < WRHA < BRHA < RRH < 
PP. The degree of filling had weak effect on flow ability at filler concentration higher than C = 10 mass%. 

The results obtained from the determination of Die swell (B) of the extrudates are illustrated in Figure 6. 
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Figure 6. Dependence of Die swell (B) of the composites from the filling degree C, mass%: ♦-RRH, ■-BRHA; 
▲-WRHA and ●-AR 

 
It can be seen from Figure 6 that the increase of filler content lead to decrease of Die swell (B) for all the 
composites studied-from 1.32 for the initial PP to 0.97 for the composites filled with 20 mass% AR. The smallest 
values of Die swell for the highest degree of filling of 20 mass% had the composites with AR, followed by 
WRHA, BRHA and RRH. This was probably due to the disturbing effect of the filler on the orientation of PP 
molecules during their flow through the nozzle. Besides, the fillers cause spatial difficulties resulting from 
physical interactions at the phase boundary, which limit the mobility of PP macromolecules and decrease the 
flowability. The values of Die swell (B) correlated well with the flow abilities of the composites. The lowest 
values of Die swell (B) had the composites based of AR, followed by WRHA, BRHA and RRH at the highest 
degree of filling (20 mass%).  

The dependence of composites densities on the filling degree is presented in Figure 7. As it was expected, the 
densities of the composites increased with filler content since the fillers have higher densities compared to the 
initial PP matrix. The composites based on WRHA, even at 5% filling, showed higher values of density 
compared to those filled with BRHA and RRH. This can be explained with the higher density of the ingredient 
WRHA.  
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Figure 7. Dependence of the density of composites ρ, g cm–3 from the filling degree C, mass%: ♦-RRH; ■-

BRHA; ▲-WRHA and ●-AR 
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Figure 7 shows that the dependence of ρ on C was an increasing exponent. The values determined were lower 
than the additive dependence observed for PP and the fillers used. These differences can be explained with the 
amorphizing effect of the fillers on the PP matrix. The increase of the filler content was proved to reduce flow 
ability and the strongest effect was observed for the composites filled with AR. Technological properties closest 
to these of the initial PP had the composites filled with RRH. The filler type and its concentration did not exert 
significant effect on the dielectric properties of the composites obtained. The density of RH filled composites 
increased with the ingredient content. The highest density at C = 5 mass% showed the WRHA filled samples and 
the lowest-these filled with RRH (Turmanova et al., 2008). 

5.1.4 Water Absorption Test 

All the polymers sorb water in a humid atmosphere and when immersed in water. The amount of water adsorbed 
by non-polar polymers containing filler depends mainly on the nature of the fillers. Natural fillers have an 
undesirable property, namely, hygroscopicity because of their hydrophilic nature. The moisture adsorption by 
composites containing natural fillers has several adverse effects on their properties, thus affecting their long- 
term performance. In many of the applications of the PP and its composites, the material is exposed to water and 
atmospheric moisture for long periods. This can lead to loss of adhesive strength due to weakening of the 
product at the interface. This damage results from the diffusion of water molecules throughout the polymer 
chains causing plasticization, chain rupture, and chemical degradation. The knowledge of water and water vapor 
sorption in composites and in polymer matrices is considered to be of utmost importance (Prachayawarakorn, 
2005). Therefore, it is important to study in detail the water adsorption behavior in order to evaluate not only the 
consequences that the water absorption may have, but also how this water uptake can be minimized in some way. 
In other cases, when the filler is hydrophilic material, the addition of this filler into PP matrix changes the water 
and water vapor sorption properties of PP and makes the composite a water and water vapor-sorbing material. In 
this case, the PP filled composite can be used where a desiccating packaging material is needed. The kinetics and 
thermodynamics of water adsorption as well as the comparison of water absorption and mechanical behaviors of 
polypropylene composites filled with RHA are studied in (Turmanova et al., 2008; Vlaev et al., 2009). The 
results reported in these works concern the study on the kinetics and thermodynamics of adsorption of water PP 
composites filled with different by quantity (1, 3, 5, 10 or 20 mass%) and nature (RRH, WRHA, BRHA or AR) 
fillers and immersed in water.  

The water absorption behavior of filled polymer composites was studied as function of the following factors: 
functionality, polarity, specific surface area and filler content, soak duration in water and the temperature of 
treatment. As a non-polar polymer, PP is characterized by insignificant water absorption. For example, initial PP 
contained 1.0 mass% absorbed water at equilibrium at 25oC and 0.25 mass% at 90oC. The lignocellulosic fillers 
are hydrophilic which limits their applicability. On the other hand, the hydrophilic nature of the filler makes the 
composites very sensitive towards water absorption, which decreases the mechanical properties to a great extent. 
Therefore the fillers must be dried before being processed  

The influence of the amount of absorbed water on the tensile properties of the PP composites was estimated and 
Figure 8 shows the kinetic curves of water absorption at 25°С by PP composites containing amounts of RRH 
filler. 
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Figure 8. Dependences of water absorption on soaked time at 25°С of PP-RRH composites with different filler 
content: ○-1; ▲- 3; ∆-5; ●-10 and □-20 mass% 
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As can be seen from Figure 8, the increase of filler loading into the composites resulted in increased equilibrium 
uptake values, but equilibrium was reached very slowly (as long as 10 days). It means that the non-porous 
structure of the composites and the diffusion character of water sorption impede the process of absorption.  

The kinetic curves of water absorption at the highest studied temperature are presented in Figure 9. 
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Figure 9. Dependences of water absorption on soaked time at 90°С of PP-RRH composites with different filler 

content: ○-1; ▲-3; ∆-5; ●-10 and □-20 mass% 
 
Figure 9 shows that the absorption equilibrium was reached much faster at higher temperature (10 hours) and the 
amount of sorbed water was lower than that observed at 25°С. According to the Le Chatalier’s principle, the 
absorption process should be exothermal. Figures 8 and 9 clearly show that the water uptake increases with the 
increase of the weight percent of RRH filler content. This is due to the fact that, with increase in the RRH flour, 
the number of free OH groups cellulose also increases, which in turn makes the composites more hydrophilic. 
These free OH groups come in contact with water at different temperatures and form hydrogen bonding, which 
results in weight gain in the composites. Comparing the kinetic curves shown in Figure 10 can assess the 
importance of the filler nature for the absorbance of the filled composites. 
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Figure 10. Dependences of water absorption as a function of immersion time at 90°С of PP-▲ and PP 

composites filled with 20 mass%: BRHA-∆; WRHA-○; AR-■ and RRH-♦ 
 
It can be seen from Figure 10 the highest sorption capacity had PP filled with RRH and the lowest-the initial PP. 
It means that the former had the highest hydrophilicity and the latter-the lowest one, as PP is basically a 
hydrophobic polymer. The samples filled with WRHA or BRHA showed similar hydrophilicities since the filler 
surface is covered with carbon matter, which is slightly hydrophilic. The higher absorption capacity of the 
sample filled with AR was due to the opportunity for rehydration of the amorphous SiO2.  
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5.1.5 Tensile Test 

Several main factors shosuld be taken into account when designing the composites made of RRH, WRHA, 
BRHA, AR and PP. The most important factor determining the possibility to fill PP is the good adhesion between 
the surfaces of the filler and the polymer. The interaction of PP with the RH products used for the present study 
is the main condition, which should be met to improve the tensile characteristics. The best adhesion can be 
observed under strong adsorption interaction between the PP and filler. The formation of physical bonds between 
PP and RH affects the mobility of the polymer chains near the surface. For the formation of physical bonds 
between the polymer and the filler, the active centers should be present. Their role in PP is played by some side 
methyl groups, as well as deformed locations in the macromolecule. The formation of adsorption bonds between 
the surfaces of PP and the filler leads to additional rearrangement and significant restriction of polymer chain 
mobility near the surface. Since the surfaces of the fillers used-AR, WRHA and BRHA are quite large, then the 
PP chains mobility will be more restricted and the packing of the macromolecules will be changed to greater 
extent, which would exert significant effect on the mechanical properties of the polymer. The tensile strength and 
elongation at break, values of Young’s module and energy to break point of all composites are presented in Table 
4 and Figures 11 to 14. 

 

Тable 4. Values of Young’s modulus and energy of break point of non-soaked and soaked in water at 25 or 90°C 
PP composites filled with different by nature and quantity fillers 

 
Composite 

Energy of break point, J Young’s modulus, MPa 

Non- 
soaked in 

water 

Soaked 
1 month at 

25°C 

Soaked 
24 h 

at 90°C 

Non- 
soaked in 

water 

Soaked 
1 month at 

25°C 

Soaked 
24 h 

at 90°C 
Unfilled PP 8.5 4.8 4.8 598.0 591.7 435.0 
RRH-1 
RRH-3 
RRH-5 
RRH-10 
RRH-20 

0.75 
0.24 
0.23 
0.18 
0.09 

0.58 
0.33 
0.16 
0.13 
0.11 

1.03 
0.51 
0.52 
0.30 
0.18 

604.5 
605.5 
605.3 
613.0 
632.9 

555.8 
679.2 
627.6 
757.4 
782.0 

430.4 
565.0 
571.3 
648.3 
657.9 

WRHA-1 
WRHA-3 
WRHA-5 
WRHA-10 
WRHA-20 

2.16 
0.97 
0.70 
0.53 
0.19 

0.84 
0.79 
0.76 
0.58 
0.28 

2.02 
1.16 
1.34 
1.05 
0.42 

600.5 
607.7 
608.8 
610.4 
733.5 

645.0 
672.3 
784.5 
781.6 
871.0 

479.4 
481.6 
539.9 
540.0 
580.3 

BRHA-1 
BRHA-3 
BRHA-5 
BRH-10 
BRHA-20 

1.09 
0.58 
0.20 
0.19 
0.07 

0.67 
0.43 
0.34 
0.27 
0.07 

0.67 
0.77 
0.54 
0.32 
0.10 

498.0 
505.5 
506.1 
609.0 
692.4 

578.7 
728.2 
759.1 
792.3 
798.7 

468.9 
522.8 
533.6 
599.7 
704.9 

AR-1 
AR-3 
AR-5 
AR-10 
AR-20 

1.86 
0.64 
0.45 
0.20 
0.14 

1.27 
0.90 
0.34 
0.37 
0.25 

0.97 
0.77 
0.47 
0.49 
0.42 

601.1 
702.7 
717.6 
735.6 
744.8 

579.3 
623.1 
644.5 
680.6 
688.2 

533.0 
540.4 
543.4 
589.3 
662.2 

 

The Young modulus of all the composites increased with the filler content conforming to the regular behavior of 
thermoplastics filled with solid fillers. This is explained by the secondary phase of filler particles introduced 
which play the role of mechanical limit. Besides, the higher moduluses of these solid fillers compared to that of 
the flexible PP macromolecules among which the fillers are dispersed could also contribute to the reinforcing 
effect. The higher Young moduluses of the composites filled with AR and WRHA compared to those filled with 
RRH and BRHA at the same filling degrees could be explained with the stronger restriction of the mobility and 
deformation of the matrix. The Young moduluses showed a tendency to increase with the decrease of filler 
particles size while the elongation at break decreased. This is probably due to the larger contact area and better 
dispersion of the particles throughout the polymer matrix.  
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Figure 11. Dependence of the tensile strength of PP-RRH composites with different filling degree C, mass%: 1-1; 
2-3; 3-5; 4-10 and 5-20 mass% 

 
The values of σ determined for non-filled PP were σ = 27.9 MPa (non-treated), σ = 27.2 MPa (24h, 90°C) and σ 
= 25.5MPa (1 month, 25°C). 
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Figure 12. Dependence of the tensile strength of PP-WRHA composites with different filling degree C, mass%: 
1-1; 2-3; 3-5; 4-10 and 5-20 mass% 

 
The results presented in Figures 11 and 12 reveal reduced strength at filler contents above 10 mass%. Such 
behavior has been observed also for some thermoplastic composites filled with agriculture derivatives 
(Siriwardena et al., 2003; Ismail et al., 2005), as is the case discussed here. This is basically due to 
intramolecular adhesion interactions between the filler and the matrix. RRH, WRHA and BRHA ingredients 
contain amorphous aggregated structures with various particles sizes. AR also has amorphous structure. With the 
increase of filler content, the weak zones between the filler particles and the matrix become more and this 
decreases the tensile strength of the material. On the other hand, the increase of filler content leads to formation 
of bigger agglomerates of filler particles. When the degree of agglomeration increases, the interactions between 
the filler and the matrix become weaker and, as a result, the values of the tensile strength decrease. The 
composites filled with RRH and AR had higher tensile strength compared to these filled with WRHA and BRHA. 
Similar results have been reported by Fuad (1994). The lower average particle size stipulates higher tensile 
strength. AR is a commercial product well known for its reinforcing effect on the filled material. Its particle size 
is smaller than that of RRH, WRHA and BRHA. Therefore, the contact area with the polymer matrix is expected 
to be the highest. Thus, under deformation at low rates, the transmission of the stress from the matrix to the filler 
could be more effective which would give higher tensile strength at filling degrees up to 10 mass%.  

The introduction of the four ingredients gave reduction of the elongation at break. As can be seen from Figures 
13 and 14 the highest decrease was observed by the introduction of 20 mass% BRHA which resulted in decrease 
of the elongation at break from 500 to 7%. WRHA filled composites showed higher elongation at break 
compared to the others for all the range of filling degrees studied. They had also higher energy to break point. It 
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suggests that these composites are stronger than the others. The interesting phenomenon observed confirmed that 
WRHA could improve the modulus and strength of PP since the composite material retains acceptable 
mechanical strength at filling degrees up to 10%, which is quite important for the application of these materials.  
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Figure 13. Dependence of the elongation at break of polypropene-RRH composites with different filling degree 
C, mass%: 1-1; 2-3; 3-5; 4-10 and 5-20 mass% 

 
The values ε determined for non-filled PP were ε = 598 % (non-treated), ε = 297.8 % (24h, 90°C) and ε = 303.7 
(1 month, 25°C). 
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Figure 14. Dependence of the elongation at break of PP-BRHA composites with different filling degree C, 
mass%: 1-1; 2-3; 3-5; 4-10 and 5-20 mass% 

 

PP is well known neck-forming polymer and its breaking is preceded by cold flow. The introduction of various 
fillers in its matrix changes the shape of the stress-strain curves and the changes depend on the nature and 
quantity of the filler. The composites containing up to 10 mass% WRHA showed similar stress-strain behavior 
with significant decrease of the stress at yield and elongation at break. In these composites, the deformation 
increased linearly with stress and lead to cold flow followed by elongation at the same deformation and 
formation of neck before the break. Similar curves were obtained by Siriwardena et al. (2003). At higher filling 
degrees-up to 20 mass%, all the composites studied had similar behavior with further decrease of the stress at 
yield and elongation at break. The introduction of AR up to 10 mass% resulted in fractures and breaking of the 
samples almost immediately after the yield point was reached, without formation of a neck. This is typical for 
brittle break while the composites filled with 20 mass% AR showed actually brittle break of a polymer material. 
The experimental curves showed that the introduction of filler leads to change in the breaking behavior and 
makes the composites brittle. This change was more pronounced for the composites with BRHA and RRH, 
followed by these filled with WRHA and AR.  

The figures from 11 to 14 illustrate the changes in tensile strength and elongation at break values, respectively, 
for all the samples studied under the conditions described above. According to the discussion, AR has better 
adhesion to the PP matrix than RRH, BRHA and WRHA, which was attributed to the smaller size and better 
dispersion of its particles in the initial polymer phase. The other fillers are characterized by stronger tendency to 
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agglomerate, which stipulates worse intramolecular adhesion interactions between the filler and the matrix. The 
enlargement of these agglomerates leads to easier translation of crazes and defects and stipulates the breaking of 
the composite. The microcrazes evolving in filled PP reach the ingredient particles and, therefore, their further 
evolution is accompanied by increase of stress. This, in turn, increases the average stress necessary to break the 
material. The energy at break changes its values (Table 4) and shows a tendency to decrease. At temperature of 
25°С, the PP matrix probably has some kind of protection against the direct interaction between the molecules of 
water and filler. Therefore, the distribution of the stress from the matrix to the filler is still effective enough. Vice 
versa, various interactions between the molecules of water and filler take place at higher temperatures. This 
affects the transmission and distribution of the stress, thus changing composite properties. The soaking of the 
samples in water for 24 h and 1 month gave noticeable differences in the tensile properties of all the composites 
studied over the interval of filling. The careful examination of this change revealed interesting phenomena and 
tendencies. 

The composites with WRHA and BRHA showed certain “Reinforcing effect” after soaking in water. The Young 
modulus (Table 4) and tensile strength increased (Figures 11, 12) and the elongation at break (Figures 13, 14) 
also was higher compared to the initial non-treated samples, especially at degrees of filling above 3 mass%. 
Similar results were obtained for the composites filled with RRH and AR. The RRH filled composites showed 
slight increase of the tensile strength up to 10 mass% filler content and increase of the elongation at break while 
these filled with AR-slight increase of Young modulus and tensile strength with the increase of filler content. The 
AR filled composites had lower values of the elongation at break up to 3 mass% degree of filling and brittle 
break under both conditions-before and after soaking in water. The composites containing more than 5 mass% 
AR showed higher elongation at break after soaking in water (24h, 90°С and 1 month, 25°C) compared to the 
initial non-treated samples. The WRHA filled composites are characterized by insignificant increase of the 
elongation at break from 3 to 20 mass% degree of filling.  

This phenomenon, which is known as antiplastization, may be responsible for the increase in tensile strength 
(Sharma et al., 2000; Ismail & Mega, 2001; George et al., 1998). The increase of the elongation at break of 
polymer composites filled with hydrophilic fillers after absorption of water is elucidated by the plasticization 
action of water. However, this effect is accompanied by reduction of the tensile strength. In our study, the tensile 
strength was also found to increase after immersing the composites in water. The increase of the values of both 
properties suggests that the absorption of water molecules leads to stronger intermolecular interactions filler-
matrix or improved reinforcement accompanied by cross link formation. 

Probably, water can act as plasticizer or antiplasticizer for thermoplastic composites when it is at certain 
concentrations in them, as it has been reported in Sharma et al. (2000). These authors have shown also that if the 
water molecules concentration is below certain threshold value, water acts exerts antiplasticizing effect, which 
increases the tensile strength observed in our study. Other authors have mentioned such results for similar filled 
composites immersed in water at the same conditions, too (Sharma et al., 2000; Ismail & Mega., 2001; George et 
al., 1998). This effect is known as the antiplasticizing effect of the water molecules. But probably, there may be 
optimum water content above which the properties may be adversely affected. Therefore, in requires further in-
depth investigation on the effect of water absorption on the mechanical properties of these types of composites. 

RH and RHAs are used as fillers in different polymer composites. Siriwardena et al. (2001; 2002) studied the 
mechanical and morphological properties and water adsorption of WRHA filled polypropylene/ 
ethylenepropylene-diene terpolymer thermoplastic elastomer composites. Incorporation of WRHA improved the 
tensile modulus and flexural modulus and decreased tensile strength, elongation at break, tear strength, and 
toughness of obtained composites. The water adsorption behavior of WRHA and silica filled ethylene-propylene-
diene-terpolymer/polypropylene ternary composites was studied with special attention to filler type, test 
specimen preparation and dynamic vulcanization of elastomer phase (Siriwardena et al., 2002). The influence of 
final water uptake on tensile properties of the composites was also studied. WRHA filled composites and molded 
composites exhibit lower water uptake compared to silica filled composites. All vulcanized composites showed 
lower water uptake than the non-vulcanized composites. After the immersion period in water, tensile properties 
of non-vulcanized composites were almost unaffected, while vulcanized composites exhibited an increase in the 
tensile properties. Ismail et al. (2001; 2003; Ismail & Chung, 1999; Ismail & Mega, 2001; Nizam & Khalil, 2001) 
investigated the effect of a compatibilizer agents on the mechanical, water adsorption and morphological 
properties of polypropylene/natural rubber blends filled with WRHA. The incorporation of WRHA improved 
tensile modulus but decreased tensile strength, elongation at break and stress at yield. Water adsorption increased 
with filler loading. However, the presence of compatibilizer agents had affected the water resistance of the 
composites. The studies in this direction provide possibilities for controlled synthesis of composites filled with 
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natural ingredients, combining the properties of the polymeric phase (matrix) and fillers to obtain products with 
practically valuable properties. In conclusion, it may be believed that the RHA-polymer composites can lead to 
the futuristic “organic- inorganic hybrid materials” with special properties.  

5.2 Tetrafluoroethylene-ethylene Copolymer Composites 

Extreme operation conditions in a number of cases require the use of polymers and composite materials based on 
them with very special chemical content, structure and properties, such as fluoropolymers and especially 
tetrafluoroethylene-ethylene copolymers (TFE-E). Among the TFE-E copolymers, these with equimolar 
monomer composition are the most widely used. This copolymer has high melting and operation temperatures 
which are by 50-70C lower than that of polytetrafluoroethylene (PTFE). The alternating TFE-E copolymers 
possess high thermal stability in air even at 500oC and their specific property is the high radiation resistance-
1000 кGy (Garbuglio et al., 1974; Weis & Wilke, 1992; Feng & Chan, 2003; Liu et al., 2007). For the first time, 
the use of RHA as fillers of TFE-E copolymer was described in (Atanassov et al., 2010). The TG curves taken at 
heating rate of 6 K/min of the initial TFE-E copolymer and its composites containing 10 mass% WRHA, BRHA 
or AR are presented in Figure 15. 

  

 

Figure 15. TG curves of thermal degradation of: 1-TFE-E copolymer, 2-TFE-E + BRHA, 3-TFE-E + WRHA and 
4-TFE-E + AR 

 
As can be seen from Figure 15, the thermal degradation of the initial TFE-E copolymer (curve 1) started at the 
highest temperature and the corresponding TG curve for the sample filled with 10 mass% BRHA (curve 2) was 
close to it while the TG-curves for the copolymers filled with 10 mass% WRHA or AR (curves 3 and 4) were 
shifted to lower temperatures and practically coincided. It indicates that the fillers used decreased the thermal 
stability of the initial copolymer to different extents. The weak influence of BRHA can be explained with the fact 
that its surface was carbonized which makes it more hydrophobic and more compatible with the initial 
copolymer. Vice versa, WRHA and AR, which were practically pure amorphous SiO2 have hydrophilic behavior 
and lower compatibility with the TFE-E copolymer. Besides, these fillers probably reduced copolymer thermal 
stability due to the fact that weak Brǿnsted acid centers exist on its surface stipulated by the surface Si-OH 
groups. It is well known from the literature (Vlaev et al., 2008) that some solid acids like amorphous alumina, 
silica-alumina, clays, natural and synthetic zeolites, which have Brǿnsted or Lewis strong acid centers, can 
promote polymer chain cracking. In all these cases, the use of a catalyst reduces the energetic demand of the 
process and improves, from the economic point of view, the product distribution by increasing of yield of more 
volatile products and lowering the yield of sub products. An important feature of catalytic degradation is the 
need for proper contact between the polymer and the catalyst to minimize degradation residues. 
Since the shapes of the TG curves shown in Figure 15 are different, it could be expected that the values of the 
activation energies E and pre-exponential factor A in Arrhenius equation characterizing the thermo oxidative 
degradation kinetics of the composites studied would be different. According to the TG-data, the oxidative 
thermal degradation of studied composites proceeded in two stages. The values of the kinetics parameters 
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obtained for all the studied samples are presented in Table 5. 
 
Table 5. Kinetic parameters of thermooxidative degradation of TFE-E and composites filled with 10 mass% 
BRHA, WRHA or AR (Atanassov et al., 2010) 

Sample 
I-st stage II-nd stage 

E, kJ/mol A, min–1 S≠, J/mol K E, J/mol A, min–1 S≠, J/mol K 

TFE-E 181.9 1.671012 – 60.4 96.6 1.38106 – 177.6 

TFE-E +  
10 % BRHA 

145.0 2.50109 – 114.5 32.8 7.56 – 280.6 

TFE-E +  
10 % WRHA 

163.2 7.791010 – 85.9 55.9 9.55102 – 238.1 

TFE-E +  
10 % AR 

161.0 6.161010 – 87.8 50.8 4.24102 – 244.8 

 
As can be seen from Table 5, the highest values of Е and А in both stages had the initial TFE-E copolymer and 
the lowest-the sample filled with 10 mass% BRHA. Supposedly, it was due to the fact that this filler contains 
significant amount of porous amorphous carbon which burned under heating in air and facilitated the 
thermooxidative degradation of TFE-E copolymer. The close values of Е and А in both stages for the samples 
filled with WRHA or AR were considered to be due to their similar nature. The fact that they were lower than 
these of the initial TFE-E copolymer showed that the surface acidic centers of these fillers play catalytic role in 
the thermooxidative degradation of TFE-E in air. The big differences between the values of the pre-exponential 
factor A for both stages are very interesting. In the cases when the values of A are between 1010 and 1012 s–1, the 
complex was probably highly restricted in rotation compared to the initial reagent (Atanassov et al., 2010). For 
the unimolecular case, the complex is expected to expand by size and, hence, interact more intensely with its 
neighbors. At values of A less than 106, the reagent is considered to be in equilibrium with the surface adsorption 
layer to become a product after passing through the activated complex. Such a situation can be observed during 
the second stage of decomposition since in this case significant amounts of monomers which are the final 
products of the degradation are adsorbed on filler surface. Since the frequency factor A contains an entropy term 
(expS/R), the values of A reflect in a specific way on the change of the entropy S for the formation of the 
activated complex from the reagents. The change in activation entropy S reflects how near the system is own 
thermodynamic equilibrium. Low activation entropy means that the material has just passed through some kind 
of physical or chemical aging process, bringing it to a state near its own thermodynamic equilibrium. In this 
situation, the material shows little reactivity, increasing the time necessary to form the activated complex. On the 
other hand, when high activation entropy values are observed, the material is far from its own thermodynamic 
equilibrium. In this case, the reactivity is high and the system can react faster to produce the activated complex, 
and consequently short reaction times are observed. In particular, for example, the negative values of S (Table 
5) would indicate that the formation of the activated complex is connected with decrease of entropy i.e. the 
activated complex is “more organized” structure compared to the initial substance and such reactions are 
classified as “slow”. Another parameter which can be calculated is lifetime of the studied samples. Lifetime 
estimations are very useful in the development or selection of polymers for different applications. For instance, 
the lifetime prediction of cables in nuclear power plants (NPPs) is based on the isothermal or non-isothermal 
simulation of their ageing and the well known Arrhenius equation. The cables are supposed to be used at NPPs 
without failure for 30-40 years at temperatures up to 80oC. At these temperatures, the plasticizers loss is due to 
their migration from bulk to surface and due to their evaporation. The cable becomes brittle and the glass 
transition temperature Tg, increases (Beneš,et al., 2005; Paik et al., 2008).  

Another consequence for the cable insulation materials degradation due to plasticizer loss is the development of 
micro voids and microscopic cavities. The lifetime is usually determined by accelerated aging, like air oven 
studies, which require long time periods. The apparent kinetic parameters calculated from this study have been 
used to arrive at the lifetime of the formulations.  

The estimated lifetime or the time accelerating ageing tf of a polymer to failure has been defined as the time 
when the mass loss reaches 5 mass%. The life-times of the composites studied are presented in Table 6.  
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Table 6. Results for lifetime as a function of service temperature in air in the presence of 10 mass% different in 
nature fillers (Atanassov et al., 2010)  

Sample 
Lifetime, min 

25oC 50oC 75oC 100oC 150oC 200oC 
 I-st stage 
TFE-E 2.341018 7.961015 6.131013 9.071011 8.80108 3.73106

TFE-E+10% 
BRHA 

5.331014 5.741012 1.191011 4.13109 1.64107 2.10105

TFE-E+10% 
WRHA  

2.681016 1.641014 2.081012 4.751010 9.44107 6.99105

TFE-E+10%  
AR 

1.401016 9.131013 1.231012 2.951010 6.39107 5.05105

 II-nd stage 
TFE-E 3.19109 1.56108 1.18107 1.26106 3.16104 1.73103

TFE-E+10% 
BRHA 

1.98103 7.11102 2.96102 1.38102 3.96101 1.48101

TFE-E+10% 
WRHA  

3.38105 5.90104 1.32104 3.62103 4.30102 8.02101

TFE-E+10% 
AR 

9.72104 1.99104 5.11103 1.57103 2.27102 4.93101

 

Table 6 shows that the lifetime is a parameter strongly depending on temperature and decreases exponentially 
with increase of temperature. Obviously, the initial TFE-E copolymer shows the highest values of the lifetime at 
all temperatures. Vice versa, the lowest lifetime had the sample containing 10 mass% BRHA as a filler. As could 
be expected, the samples filled with 10 mass% WRHA or AR have almost equal lifetimes since they had 
practically the same chemical composition and structure.  

5.3 Rice Husks Ash as Fillers in Rubbers 

RHA can also be used as filler in natural rubber, styrene butadiene rubber, nitrile butadiene rubber, butyl rubber 
etc. (Sun & Gong, 2001; Chandrasekhar et al., 2003 Ismail & Mega, 2001; Zurina et al., 2004; Arayapranee et al., 
2005; Ismail, Mega, & Khalil, 2001; Ismail, Nizam, & Khalil, 2001; Chung, Ismail & Chung, 1999). Especially 
in epoxidized natural rubber, the addition of WRHA can increase the tensile strength, tear strength and hardiness 
of the rubber. As WRHA is predominantly silica, it responds effectively to silane coupling agents in improving 
the rubber compounds properties. WRHA modified by silane-coupling agents not only can effectively improve 
epoxidized natural rubber’s mechanical properties, such as tensile and tear strength, but also can improve its cure 
characteristics. The cure characteristics of WRHA filled vulcanizates show a close resemblance to those of 
carbon black. This can be attributed to the similarities of filler-related parameters such as surface area, surface 
reactivity, particle size, and metal oxide content. Generally, WRHA is not as good as fumed silica and carbon 
black, especially in terms of tensile strength and tear strength, but it can replace or partially replace fumed silica 
and carbon black on some occasions (Ishak & Baker, 1995; Ismail et al., 1998, Ismail & Chung, 1998). In 
addition, WRHA can sometimes be combined with other fillers, especially with reinforcing blacks. The 
properties obtained are linear functions of the amount of the particular filler present in the blend. BRHA has a 
lower silica content, typically about 54 mass% and a substantial carbon content of about 44 mass%. It can be 
also used as a filler for rubber, but the effect is not as good as can be obtained with WRHA (Ismail & Chung, 
1998; Da Costa et al., 2000). 

6. Conclusions 

The reduction of environmental pollution and the utilization of agricultural and processing waste are 
prerequisites for a successful economy and sustainable development. As a by-product of the paddy milling 
industry and a waste product from agriculture, rice husks can be regarded as a substantial source of raw biomass 
material which holds a significant potential for obtaining value-added silicon composite products. For this reason, 
the use of raw rice husks and the products of their thermal degradation are currently the object of intense studies. 

The application of the method of controlled thermal treatment of raw rice husks results in obtaining first-rate 
starting materials for the preparation of advanced high-quality ceramic powders, such as silicon carbide, silicon 
nitride and magnesium silicide, which can be used in high temperature material engineering. Furthermore, small 
amounts of pure silica powder can be employed in the production of high purity elemental silicon needed for 
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electronics, adsorbents, catalyst support, thermal insulators and as a thixotropic agent. Other recent applications 
of rice husk ashes include fillers of rubbers, plastics and cement. They may be a lucrative replacement of the 
relatively expensive condensed silica fume. Laboratory results lead to the conclusion that, after vigorous 
grounding and mixing, cheap raw rice husks and the products of their thermal degradation (BRHA and WRHA) 
can be used successfully as fillers for polypropylene and tetrafluoroethylene-ethylene copolymer, thus replacing 
the costly synthetic additive Aerosol in the preparation of a range of polymer composites. RHA-polymer 
composites can lead to the development of innovative hybrid organic-inorganic materials with specific properties. 

Finally, besides giving rise to the formation of cheap and valuable products, the utilization of such an abundant 
agricultural waste as rice husks, will reduce pollution and thus have a positive effect on the environment. 
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