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Abstract 

Growing polymer consumption, depletion of metallic resources, and rising environmental 
concerns have resulted in an increased interest in bio-derived environment friendly polymeric 
composite materials. The utilization of biochar as a reinforcement in polymers can be viewed as 
a sustainable attempt that incorporates pyrolyzed biomass based value-added material and 
simultaneously aids environmental management through effective utilization of bio-wastes. On 
the other hand, polypropylene (PP), a semi-crystalline thermoplastic polymer has favorable 
properties like low cost, good mechanical strength, lightweight, easy processing, excellent 
chemical resistance, etc. However, some other properties such as inferior mechanical properties 
at alleviated temperatures, poor UV resistance, and poor surface adhesion, etc. limit its 
application. To overcome the limitations exhibited by polymeric composites, biochar reinforced 
polymer composites have attracted the attention of researchers all over the world because of their 
low cost, renewability, and improved thermochemical properties. In this thesis work, rice husk 
biochar (RHB) reinforcement polypropylene (PP) composite has been fabricated and 
characterized to evaluate its performance. Biochar was prepared from rice husk via slow 
pyrolysis at four different temperatures (400, 550, 700, and 8500C). Characterization of the RHB 
samples revealed high carbon, ash, and silicon contents. The RHB samples exhibited a porous 
structure and their thermal stability increased with increasing pyrolysis temperatures. The 
biochar samples were then hand ground and applied as particle reinforcement material for PP 
composite fabrication with two different loadings of 10 and 15 wt%. RHB was blended with PP 
by melt mixing technique followed by the hot press molding process. Pyrolysis temperature and 
wt% of RHB were found to be crucial factors affecting the compatibility, thermo-mechanical and 
electrical properties of the resulted composites. The tensile strength of the fabricated composites 
was found to be lower when compared with neat PP, but the flexural strength and hardness 
(shore D) were improved, where composite containing 15 wt% of RHB prepared at higher 
temperatures (700 and 8500C) exhibited better results. According to SEM results, the biochar 
particles were firmly embedded in the PP matrix due to their porous structure and the molten PP 
has penetrated a large number of pores of the biochar particles creating a mechanically 
interlocked system, which consequently improved the mechanical properties. Moreover, the 
incorporation of thermally stable biochar was found to have a positive impact on the thermal 
stability of the composites, where increasing the RHB pyrolysis temperature and higher RHB 
loading helped the fabricated composite to sustain higher thermal decomposition temperatures. 
However, the RHB incorporation into the PP matrix had a negligible effect on the melting 
temperature (Tm) of the developed composites. Finally, the increased loading of high-
temperature RHB has potentially reduced the resistance and the impedance of the fabricated 
composites. Thus, except for a little deviation, the improvements of the composite properties 
were found to increase when the RHB content was increased (15 wt%) and the incorporated 
RHB had been pyrolyzed at higher temperatures (700 and 8500C). The minor deviation might be 
due to the lack of homogeneous mixture formation of light RHB powder into the PP matrix 
during composite fabrication. 
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1.1 Overview 

Polypropylene (PP), a semi-transparent thermoplastic polymer synthesized by polymerization of 
propylene (propene) monomer, is a semi-crystalline, colorless and odorless solid that is non-toxic 
and not biodegradable in nature [1]. It is the highest produced thermoplastic resin after 
polyethylene because of its extensive use in various industrial products such as automobile parts, 
electrical insulator, furniture, product packaging, kitchen gadgets, etc. [2,3]. Some favorable 
properties like low cost, easy processing, excellent chemical resistance, etc. are the main reason 
for the popularity of this thermoplastic polymer. However, some other properties such as inferior 
mechanical property, low thermal stability, etc. limit its application [4]. To improve the overall 
properties researchers introduced PP composites by incorporating various inorganic and organic 
compounds as fillers and reinforcements in the PP matrix [2,5]. Glass fiber, carbon nanotube 
(CNT), graphene, talc, etc. are few popular fillers/reinforcements utilized for PP composite 
fabrications [6,7]. Nevertheless, due to cost mitigation efforts, interest in renewable sources 
utilization and environmental safety concerns organic biomass based fillers are used in PP 
composites which include jute, sugarcane bagasse, wood, etc. [8]. Though, composites of PP 
having biomass based natural fillers exhibit several improvements, drawbacks like moisture 
absorption, low thermal stability, etc. still exist [9]. Very recently, researchers introduced biochar 
as filler/reinforcement in various polymeric composite developments. Properties like the 
presence of activated carbon, broad surface area, thermal stability, higher carbon content, and 
porous structure make biochar very successful as reinforcement in polymeric composites [10]. 
Examples of biochar reinforced polymer composite include but are not limited to polypropylene 
with ultrafine bamboo biochar [1], polypropylene with pinewood waste biochar [2], polyester 
with rice husk biochar [11], starch with rice husk biochar [12], styrene-butadiene rubber with 
birch wood biochar [13], polypropylene with date palm waste biochar [14], polyamide with 
commercial biochar [15], epoxy with pine cone biochar/char [16], high-density polyethylene 
with rice husk biochar [17], and polyvinyl alcohol with hardwood biochar [18]. Incorporation of 
biochar in PP matrix produced composites with improved mechanical, thermal and electrical 
properties [1,2,14]. 

Biochar is a carbon-rich porous structured material obtained by the thermochemical conversion, 
well known as pyrolysis, of biomass in a closed receptacle with little or no oxygen presence [19]. 
Biomass consists of agricultural waste/residue, municipal solid waste (MSW) and forest residue, 
which is a renewable and sustainable source that has the potential for energy and other value-
added product development [20]. Pyrolysis is one of the most widely used methods for biomass 
to value-added product conversion, where three valuable products namely biochar, bio-oil and 
syngas are produced [21]. Among three different pyrolysis processes (slow, intermediate, and 
fast) slow pyrolysis is considered as better for biochar production because of the higher char 
yield than that of the other pyrolysis processes [22]. Slow pyrolysis yields high-quality biochar 
that is very effective as a soil amendment, pollutant eliminator, sieve medium and 
filler/reinforcement [17,18,23]. In recent years, researchers paid much attention to reinforcing 
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polymer matrix with biochar for composite fabrication that exhibits superior properties. Biochar 
is more convenient than other filler materials as properties of the biochar can be modified by 
changing pyrolysis conditions and greater compatibility with the polymeric matrix can be 
achieved. Moreover, better thermal stability and electrical conductivity can also be obtained by 
the incorporation of biochar in the composite system [14,24]. Paddy rice is among the highest 
cultivated agricultural crop around the world and the cumulative growth of paddy rice production 
is observed in recent years [25,26]. The paddy rice cultivation produces a significant amount of 
biomass byproducts such as straw, rice bran, and rice husk. Generally, straw and bran are used as 
animal feeding. On the other hand, rice husk (RH) is a waste product that has limited uses. An 
average of 20 kg husk is produced during 100 kg milled rice is processed [28]. Considering this 
ratio, we can estimate the rice husk generation in the world from the world's average milled rice 
production. Figure 1.1 presents the estimated rice husk production in recent years [26,27]. This 
huge amount of rice husk is not effectively utilized, especially in developing countries, causing 
environmental and health issues [29]. High-quality biochar can be produced from rice husk via 
the pyrolysis process and it can be utilized as filler/reinforcement in polymeric composite 
development [17,30]. Though there are one or two studies investigating rice husk derived 
biochar (RHB) in polymeric composites [11,12,17], rice husk slow pyrolyzed biochar reinforced 
polypropylene binary composites are not studied yet. 

   

Figure 1.1: Estimated rice husk generation in the recent five fiscal years a) around the world b) in 
Bangladesh. 

Poor management of waste biomass and reckless disposal of organic waste causes environmental 
pollution, which adversely affects human health and climate. As a result, waste biomass to value-
added product conversion is necessary, which will ensure waste mitigation, pollution reduction 
and economic development [31]. Rice husk, a by-product of rice processing, can be converted 
into fuel and other value-added products, like biochar, via pyrolysis method and the obtained 
biochar can be utilized by reinforcing polymer matrix, such as polypropylene, for composite 
development that exhibits superior properties. The basic background of the project is that the 
excellent thermal stability and high carbon content of biochar [32] have the potentiality to 

93

94

95

96

97

98

2013-14 2014-15 2015-16 2016-17 2017-18

M
ill

io
n 

To
ns

 

Facial Year a) 

6.5
6.6
6.7
6.8
6.9

7
7.1
7.2
7.3

2013-14 2014-15 2015-16 2016-17 2017-18

M
ill

io
n 

To
ns

 

Fiscal Year b) 



4 
 

improve the thermal and electrical properties of PP composite. Moreover, rice husk biochar has 
high silica content and porous structure [32], which may lead to the enhancement of mechanical 
properties of the PP composite. 

1.2 Present State and Goal of the Work 

Previous studies have reported successful incorporation of various biomass-derived biochar 
particles in different polymer matrices and mentioned improvements in different properties. In 
some research work, rice husk derived biochar was also utilized for polymeric composite 
development, but there is no study exploring the viability of RHB reinforced PP composite. As a 
consequence, in this research, a comprehensive study on RHB reinforced PP composite 
fabrication and characterization of its mechanical, thermal and electrical properties have been 
performed. 

The goal of this work is the fabrication of RHB reinforced PP composite and investigation of the 
effect of rice husk biochar addition on the properties of PP. As RHB is a potential reinforcement 
for polymeric composites and PP has good interaction with biochar fillers, so RHB reinforced PP 
composites are expected to possess superior mechanical, thermal and electrical properties.  
Keeping this in mind, the main objectives are: 

(i) Fabrication of new PP composites with improved properties by the incorporation of 
bio-derived material in the PP matrix. 

(ii) Mechanical properties enhancement by mitigation of poor interfacial adhesion and 
compatibility in the composite. 

(iii) Improvement of thermal stability and electrical properties of the composite. 

Successful fabrication of the RHB reinforced PP composite will not only provide a high-quality 
material but also ensure the conversion of agricultural waste into value-added products and save 
the environment. The composite could potentially reduce the use of metal, wood, ceramic, and 
glass in industrial applications.  

This thesis report is chronologically organized from the background studies to the final findings 
of the work. The above mentioned first chapter contains problem statements and prime target of 
the research. The next chapter bears a broad review of the relevant literatures, especially about 
biochar reinforced polymer composites, and also presents some general information about the 
materials utilized in this work. After that in chapter three, sampling plans and experimental 
techniques of the study have been described. Afterwards, in chapter four experimental data that 
was obtained during this study has been given and discussed. Finally, the concluding chapter 
presents the prime findings of the study with some future work statements. 
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2.1 Biochar 

Biochar is a stabilized, recalcitrant carbonaceous compound, produced when biomass is heated to 
temperatures usually between 300 and 10000C, under low oxygen concentrations [34]. Biochar is 
part of a series of materials referred to as black carbons, which are all produced by chemical 
and/or thermal transformation of the original biomass material [35]. Any organic matter that is 
available and can be used as an energy source including residues and wastes from various 
agricultural activities, forest remnant, animal wastes, and livestock operation residues, various 
types of wood and wood wastes, organic wastes from municipalities and oceanic plants can be 
defined as biomass [20]. Biomass is a very promising source for char/biochar and other value-
added materials [36]. Biochar is renewable and environment friendly [37]. The image of some 
biomass feedstock and obtained biochar is showed in Figure 2.1 [32]. 

               

Figure 2.1: Some biomass and their biochar [32] 

The use of biochar as an agricultural amendment and for energy is not a new idea. Transforming 
biomass materials into biochar or black carbon has been documented back to the beginning of 
the modern era and there is archeological evidence of even older applications [38,39]. However, 
less attention has been given to the usage of biochar in engineering applications that is even more 
practical use of the material considering its favorable properties like low cost and eco-
friendliness [35]. Therefore, the use of biochar in targeted engineering applications is 
encouraged. 

2.1.1 Properties of Biochar 

Ash, labile organic matter (volatile compounds and labile carbon), fixed or stable carbon, and 
moisture are the main components of biochar. The physicochemical condition of the carbon (C) 
in biochar gets altered by the thermal treatment process and produces aromatic structures which 
are highly resistant to microbial decomposition. As a result, the C compounds in biochar are 
stable for long periods of time. Thus, they are found to be effective for long-term C sequestration 
[40,41]. An overview of the prime characteristics of biochar is detailed in the next section. 

Biomass 

Biochar 
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2.1.1.1 Composition and Structure 

During thermal treatment for biochar generation, labile organic matter of the biomass is almost 
destroyed, but the fixed C remains mostly intact. As higher temperatures are needed to burn off 
the more stable forms of C (i.e. cellulose and lignin), the final temperature of the thermal 
decomposition process determines the amount of labile C loss and fixed organic C content of the 
resultant biochar. At higher temperatures, the C content of the biochar increases while the H and 
O contents decrease, causing a higher degree of carbonization in the biochar [42]. Nitrogen (N) 
in the biochar generally decreases with increasing temperatures [43]. Pretreatment procedures 
also affect the elemental composition of biochars [44]. 

The skeletal structure of biochar consists mainly of C and minerals of different pore sizes [45]. 
Macro-pores are significant for hydrology, aeration, movement of roots, and bulk structure and 
micro-pores are liable for surface area and high absorptive capacity, while meso-pores are 
important for adsorption processes. 

2.1.1.2 pH and Zeta Potential 

The pH value of biochar usually increases with rising temperatures [43,44]. However, in some 
studies, the produced biochar was found to be neutral [46]. The surface of biochar is often 
negatively charged and is not likely to sorb negatively charged ions such as nitrate or phosphate 
[44]. 

2.1.1.3 Surface Area and Porosity 

Generally, both surface area and porosity of the biochar increases with increasing temperatures 
[47]. Biochar generation at higher temperatures (above 9000C) causes the widening of the micro-
pores due to the destruction of walls between adjacent pores that increase the surface area. As the 
surface area is an important characteristic of biochar, the temperature is clearly a significant 
factor for biochar production. 

The porous structure of biochar is caused by numerous aromatic compounds and other functional 
groups that are produced from lignin-based biomasses. The pore size and pore pattern of the 
biochar depend on the temperature adopted during biochar formation and the composition of the 
feedstock biomass material. The morphology, pore distribution and pore size of the biochar can 
be examined by SEM (scanning electron microscopy).  

2.1.1.4 Absorption Capability and Cation Exchange Capacity  

Biochars contains aromatic C groups that are capable of adsorbing heavy metals or hazardous 
molecules. H, N, O, P, and S present in the aromatic rings of the biochar determine the 
electronegativity of the biochar product and influence the cation exchange capacity (CEC). 
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Researchers investigated the adsorption of cations onto biochar to better understand the heavy 
metal contaminants' remediation capacity of biochar [48].  

2.1.2 Preparation Methods of Biochar 

Thermochemical decomposition processes like pyrolysis, torrefaction, hydrothermal 
carbonization (HTC), and gasification are usually applicable to convert biomass into biochar, 
biofuel, and other bio-based gaseous products [49,50]. The thermal decomposition, at high 
temperatures and in the absence of oxygen, converts the organic matter of the biomass into 
biochar. In some processes, high pressure is also required. This process irreversibly changes the 
physical state and chemical composition of the organic matter. The structural building blocks of 
biomass (cellulose, hemicelluloses, lignin, and pectin) undergo cross-linking, fragmentation, and 
depolymerization at different temperatures during pyrolysis or other decomposition processes 
[51]. Biomass is primarily transformed into biochar, small quantities of condensable liquid (bio-
oil), and non-condensable gas (syngas). Among the above mentioned thermal conversion 
methods pyrolysis is the most common and favorable process for biochar production. Several 
types of reactors or pyrolysis units have been developed for the process. These units operate on 
similar principles regarding O2 availability but might differ in heating rates, highest temperature, 
residence times, and pressure. These differences mainly determine the proportions of the final 
products [49,50]. The basic pyrolysis process is depicted in Figure 2.2 [33]. 

 

Figure 2.2: Pyrolysis process [33] 

The yield of biochar, bio-oil, and syngas depends on the type of pyrolysis process utilized, and 
the pyrolysis conditions. Based on the heating rate, temperature, and residence time, pyrolysis 
can be classified into slow, intermediate and fast pyrolysis [49,52,53]. Table 2.1 presents the 
typical product yields (biochar, bio-oil, and syngas) and the operational conditions (residence 
time and process temperature) of different biochar production methods. 
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Table 2.1: Product yields and the operational conditions of different biochar production methods 

Process Yield (%) Residence 
Time 

Process Temperature 
(0C) Ref. Biochar Bio-oil Syngas 

Slow Pyrolysis 35 30 35 Several 
Hours 350-800 [51,50] 

Intermediate 
Pyrolysis 20 50 30 ~1.5 min ~450 [52] 

Fast Pyrolysis 12 75 13 ~2s 500-1000 [53] 
Gasification 10 5 85 10-20s 700-900 [54] 

Hydrothermal 
Carbonization 50 - - 1-12h 180-250 [55] 

Torrefaction - - - 10~60min 200-300 [56] 

2.1.2.1 Slow Pyrolysis 

Slow pyrolysis is a thermal decomposition process that distinct for its slow heating rate and long 
residence time [50]. In general, the heating rate ranges from 10 to 200C per minute. Almost equal 
portions of gas, liquid, and solid products are produced in this process. The process is carried out 
at atmospheric pressure, with heat provided by external heaters, partial combustion of the feeds, 
or hot-gas recirculation [51]. Slow pyrolysis is favorable for biochar production due to its high 
char yields and easy operational conditions. Biochar yields are also affected by the particle sizes, 
along with lignin and ash content of the biomass during slow pyrolysis. These conditions 
promote biochar production by increasing cracking reactions that hinder the production of liquids 
or bio-oil [50].  

2.1.2.2 Intermediate Pyrolysis 

Intermediate pyrolysis is a thermal conversion process with comparatively higher heating rates 
and lower residence times (few minutes) than that of slow pyrolysis. Products are unevenly 
distributed among liquid, gas, and char. Intermediate pyrolysis exhibits lower biochar yields 
compared to slow pyrolysis [52].  

2.1.2.3 Fast Pyrolysis 

Fast pyrolysis is also a biomass conversion process that is distinguished by fast heating rates 
(~1200C/min-1), short residence times (< 0.05 min), and high yields of liquid product (bio-oil) 
from biomass, together with fewer amounts of gas (syngas) and solid (biochar) [53]. This process 
offers high bio-oil (75%) yields compared to solid (12%) or gaseous (13%) products. The bio-oil 
produced can be used directly as an efficient energy carrier [49]. In addition to rapid heating 
during fast pyrolysis chemical reaction kinetics, phase transition phenomena, and mass-transfer 
processes play important roles in increasing bio-oil yields. A free-flowing dark brown liquid, 
possessing almost half the heating value of conventional fuel oil, with an acrid and smoky odor, 
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is generated through fast pyrolysis [49]. Bio-oil is the prime product of fast pyrolysis (75 wt% on 
dry feedstock basis), together with biochar and gases. Biochar obtained via fast pyrolysis 
contains recalcitrant conjugated aromatic structures [53]. However, due to low char yield and 
tougher operational conditions fast-pyrolysis process is not favored for biochar production. 

2.1.2.4 Gasification 

Gasification is a thermochemical conversion method that involves breaking down a carbon 
source, such as biomass into hydrogen (H2), carbon dioxide (CO2), carbon monoxide (CO), and a 
small number of other hydrocarbons such as methane (CH4). During gasification, the organic 
materials (biomass) are reacted in an O2 controlled environment at very high temperatures (700-
9000C) without combustion [54]. The gasification product is 85% syngas and the gas mixture 
contains H2, CO2, CO, CH4, C2H2, and N2. The solid product of gasification is biochar (10%), 
while the liquid product is tar (5%), mainly containing aromatic hydrocarbon compounds.  

2.1.2.5 Hydrothermal Carbonization 

Hydrothermal carbonization (HTC) is a thermochemical conversion process to convert organic 
feedstock such as biomass into carbon-rich products. Typical conditions for HTC are the 
presence of liquid water, higher temperatures (180-2500C), and high pressure (2-10 MPa). 
Though HTC offers high biochar yields (around 50%), the necessity of high pressure makes the 
process complicated and less favorable [55].  

2.1.2.6 Torrefaction 

Torrefaction, also known as mild pyrolysis, is a thermal process to convert biomass into a coal-
like material, which has better fuel characteristics than the original biomass. During 
torrefaction, biomass is heated to a temperature between 200 and 3000C in the absence of oxygen 
which is similar to slow pyrolysis but requires much lower temperature [56]. 

2.1.3 Factors Influencing Biochar Quality 

Biochars produced by different conversion techniques usually have different properties because 
of the variation in operating conditions and post-operation treatments. Factors affecting the 
quality of biochar are discussed below. 

2.1.3.1 Temperature 

Pyrolysis temperature is the prime thermodynamic parameter that influences biochar properties. 
The characteristics and structure of the biochar are highly dependent on pyrolysis temperature 
[57,58]. The ash content, surface area, and pH of biochar produced from biomass increase with 
raising temperature [59], but the biochar yield decreases [60]. Biochars synthesized at low 
pyrolysis temperatures contain aliphatic and cellulose-type structures that give a more diversified 
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organic character to the material. This might be good for mineralization by bacteria and fungi 
that are important for aggregate formation and nutrient turnover process. Biochars prepared at 
higher temperatures are characterized by high surface area and micro-porous structure which 
have high adsorption capacity. On the other hand, lower temperature provides biochar with 
inferior adsorption capacity. The higher the operating or pyrolysis temperature, the higher the 
biochar surface area [58,59]. 

2.1.3.2 Heating Rate 

The heating rate also affects the structure of biochar as well as the yields of biochar, syngas, and 
bio-oil [61]. Higher heating rates and optimum processing temperatures promote bio-oil 
production, whereas, slower heating rates with lower processing temperatures enhance the 
production of biochar. During biochar production from pine sawdust, a lower heating rate of 
200C s−1 helped the natural porosity of the sawdust to be transferred to the biochar with almost 
no morphological changes. On the other hand, a higher heating rate of 5000C s−1 destroyed the 
cell structure of the sawdust derived biochar by de-volatilization [57]. Researchers found that 
lower pyrolysis temperatures and low heating rates promote biochar production whereas; higher 
final pyrolysis temperatures, longer residence times, and lower heating rates favor the conversion 
of biomass into syngas (gaseous products). Contrariwise, Intermediate pyrolysis temperatures 
(500-5500C), short vapor residence times, and high heating rates usually increase the yield of 
bio-oil (liquid products) [60]. 

2.1.3.3 Particle Size  

The particle size of the biomass is also an important parameter that affects the distribution of the 
products during pyrolysis. Mass and heat transfer rates and the extent of secondary reactions 
within the particles are influenced by the particle size of the biomass. The raw materials particle 
size differs depending upon the type of the pyrolysis process and the type of feedstock used. 
Researchers found that larger particles (over 1.8 mm) have greater temperature gradients within, 
which leads to lower temperatures in the core than the surface of the particles. This is likely to 
increase in the char yields, and decrease the bio-oil and syngas yields [62]. Generally, particles 
with smaller sizes are preferred in the fast pyrolysis system because small particles heat up 
uniformly, thus the more volatile matter is released leading to higher bio-oil and syngas yields 
[63]. 

2.1.3.4 Feedstock Composition 

Feedstock type and its composition have a significant influence on the physicochemical 
properties of biochar [64]. The composition of the resultant biochar after pyrolysis varies due to 
variations in feedstock materials. The proportions of inorganic and organic compounds entirely 
depend on the type of feedstock selected. Biomass feedstock such as animal manure contains 
high nutrients and can result in biochars with high nutrient content compared to plant feedstocks 
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that are mainly composed of hemicelluloses, cellulose, lignin, and some inorganic compounds 
[65]. Feedstock composition coupled with pyrolysis conditions potentially affects the physical 
properties related to the surface area, pore structure, adsorption properties, pH, CEC, and the 
chemical properties related to the organic carbon content of the biochar [64]. 

2.1.4 Applications of Biochar  

Properties such as large surface area, porous structure, adsorption properties, and CEC make 
biochar suitable for various applications. The chemical and physical properties of biochar can 
vary significantly depending on the thermochemical conversion process and the feedstock 
utilized [64]. As a result, the performance of biochar in different applications can vary 
significantly with the production methods utilized and the composition of the feedstock material. 
Applications of biochar are described below. 

2.1.4.1 Soil Improvement   

The application of biochar in the soil is highly beneficial because of the numerous merits it 
provides. Biochar improves the biological and physical properties of soils such as water-holding 
capacity and soil-nutrient retention capability, which promote plant growth [66]. It has been 
found that biochar can (a) improve soil structure and pH, (b) improve fertilizer use efficiency, (c) 
decrease soil tensile strength, (d) decrease aluminum toxicity to plant roots and microbes, and (e) 
improve soil conditions for earthworm populations [50,67]. 

2.1.4.2 Carbon Sequestration 

In the carbon sequestration process, carbon (C) is captured and stored to prevent it from being 
emitted into the atmosphere [50]. It is essential that the C is transferred to a passive carbon pool 
that is stable and inert, in order to reduce C emission. Biochar provides an easy transfer route 
from the active carbon pool to the passive pool. Transferring, even a small fraction of the C that 
cycles between the plants and atmosphere, to the much slower biochar cycle, will have a great 
impact on atmospheric CO2 concentrations, as the annual uptake of CO2 by plants from the 
atmosphere through photosynthesis is eight times greater than anthropogenic GHGs emissions. 
Biochar is chemically and biologically more stable than the original carbon, because of its 
molecular structure, and origins. It is tough for the sequestered carbon in the biochar to be 
released as CO2, making this a good method for carbon sequestration [68]. The diversion of even 
1% of the net annual uptake of C by plants into biochar would mitigate almost 10% of current 
anthropogenic C emissions [69].  

2.1.4.3 Reduction of GHG Emissions 

When biochar is applied to the soil, its recalcitrant nature enables it to stay in the soil for long 
periods of time, thus reduces CO2 and CH4 (GHG) emissions [68]. Moreover, biochar adsorbs 
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ammonia from the soil and acts as a buffer, thus potentially reduces NH3 volatilization from 
agricultural fields [70]. 

2.1.4.4 Waste Water Purification  

The application of biochar for the removal of heavy metal and organic contaminants from 
aqueous media is a promising technology for contaminated water and wastewater treatment. The 
presence of cellulose, lignin, hemicelluloses, lipids, proteins, and sugars in the biomass 
feedstocks contain a variety of functional groups that can be physically activated upon pyrolysis 
or by other thermochemical treatments during biochar preparation, to improve their ability to 
adsorb contaminants [71]. The type and concentration of surface functional groups play 
significant roles in the adsorption capacity of the biochar [72]. Mostly, the carbon-structured 
matrix of biochar, coupled with its large surface area, a high degree of porosity, and strong 
affinity for non-polar substances such as furans, dioxins, and other compounds, enables it to play 
a crucial role as a surface sorbent for controlling contaminants in the water [73]. 

2.1.4.5 Waste Utilization and Management 

Management of MSW, agricultural and animal wastes can provide huge environmental 
challenges that eventually lead to the pollution of the environment [74]. The utilization of this 
waste, as well as other by-products, as feedstocks for biochar production, represents significant 
environmental management and economic achievement [75]. The landfilling of organic waste 
and the anaerobic digestion of animal waste can result in the release of huge amounts of N2O and 
CH4. Therefore, using this waste organic matter for biochar production, and its applications, is an 
effective waste management strategy that helps to reduce GHG emissions and reduce waste-
disposal costs associated with traditional waste management methods. 

2.1.4.6 Composites and Engineering Materials Development 

Biochar has potential application as filler and reinforcement in polymeric composite 
development which is capable of enhancing the physical and mechanical properties of the 
composites. The incorporation of biochar with polymer as a reinforcing agent may impart many 
benefits through improving both physical and chemical properties and also dimensional stability 
of the composite product [76]. While optimizing the properties of the polymer, the addition of 
biochar in polymer also helps to reduce the cost and to improve the processability of the 
composite material. Biochar has been explored for the composite applications such as sustainable 
reinforcement in polyazomethine (PAM), epoxy, polyvinyl alcohol (PVA), polypropylene (PP), 
styrene-butadiene rubber (ABS) and nitrile matrixes [77]. 

Biochar wood polymer composite is an example of biochar reinforced polymer composite 
development in recent years. Wood polymer composites are widely used in manufacturing 
furniture and construction materials. The large surface area, high carbon content and increased 
stability of biochar make it potential filler or reinforcement in wood polymer composites, by 
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lowering the moisture absorption of the composite. Furthermore, biochar is applied to wood 
polymer composites due to its high thermal stability which increases the thermal stability of the 
composite [10]. Properties such as low in cost, easy to obtain and renewability make biochar 
truly desired as reinforcement material in polymer composite production. A pictorial 
representation of different applications of biochar based on the specific properties as described 
above is presented in Figure 2.3 [78]. 

 

Figure 2.3: Prospect of biochar applications [78] 

2.1.5 Rice Husk Derived Pyrolyzed Biochar 

Biochar production from woody biomass is not always a feasible and sustainable option, 
especially in farming areas. However, biochar can be produced from any biomass and is a 
product of thermochemical decomposition processes such as gasification and pyrolysis. 
Therefore, rice husk could successfully be used for the production of energy, and biochar. The 
rice husk, also known as rice hull, is the coating on a rice grain. It is formed from hard materials, 
mainly lignin and silica, to protect the seed during the growing season. Each kg of milled white 
rice results in roughly 0.20 kg of rice husk as a by-product of rice production during milling 
[28]. Components of the rice grain, an image of loose rice husk and biochar are presented in 
Figure 2.4 [79].  
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Figure 2.4: Different parts of paddy rice, loosen rice husk and rice hush derived biochar [79] 

The supposedly high stability of carbonized residues could help to reduce GHG (greenhouse gas) 
emissions from rice-based systems and sequester carbon in the soil. This coupling of biochar and 
bioenergy generation in rice production systems would offer several advantages: 

• Rice husk is a by-product of rice production. Therefore, bioenergy and char based on rice 
husk do not affect food security. Higher rice production would increase biochar output 
simultaneously.  

• The complete removal of residues from the field leads to soil organic matter and soil quality 
degradation in most agricultural systems. However, studies in flooded rice-based systems 
have shown that soil quality is maintained over decades even if all husks are removed 
[78,88]. 

• Removal of husk from rice fields for biochar production directly decreases emissions of 
GHG and air pollution caused by field burning.  

• The high cropping intensity, especially in irrigated rice systems, ensures a more constant 
husk supply for biochar production. 

2.2 Polypropylene (PP) 

Polypropylene (PP), a thermoplastic polymer, gained strong popularity very quickly since its 
discovery in 1954 due to its good temperature resistance and lowest density among the 
commodity plastics [80]. PP has excellent resistance to chemicals and can be processed via a 
variety of methods such as blow molding, injection molding, and extrusion, etc. PP is a polymer 
of propylene prepared catalytic polymerization. Polypropylene is a vinyl polymer in which every 
second carbon atom of the chain is attached to a methyl (-CH3) group. The structure of propene 
and polypropylene is shown in Figure 2.5 [3,81] 
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Figure 2.5: Propylene and Polypropylene structure. 

The structure of PP is based on the chemical formula C3H6 and it is a downstream petrochemical 
product-driven from the olefin monomer propene or propylene. There are three major sources of 
propylene: from steam cracking of naphtha, gasoline refining process and propane 
dehydrogenation technology [82]. The polymer is produced by a monomer connection process 
called addition polymerization. In this process, heat, high-energy radiation and initiator or 
catalyst are added to combine monomers together. Thus, propylene molecules are polymerized 
into very long polymer chains. There are four different routes to enhance the polymerization of 
any polymer: suspension polymerization, solution polymerization, gas-phase polymerization, and 
bulk polymerization. However, properties of PP vary depending on the process conditions, 
molecular weight and molecular weight distribution [83]. Chemical resistance of PP can be 
described as follows: excellent resistance to dilute and concentrated acids, bases and alcohols, 
good resistance to aldehydes, ketones, aliphatic hydrocarbons, esters and limited resistance to 
aromatic and halogenated hydrocarbons and oxidizing agents [3,81]. The overview of PP is 
presented in Table 2.2. 

Table 2.2: Advantages and Disadvantages of PP 

Advantages of PP Disadvantages of PP 
Excellent processability Low-temperature impact strength is poor 
Good Impact resistance at room temperature Attacked by chlorinated solvents and aromatics 
High strength to weight ratio Poor resistance to UV 
Suitable for corrosion resistance Flammable, but retarded grades available 
Good chemical resistance Difficult to bond 
Good stiffness Poor paint adhesion 
Food contact acceptable Embrittles below -20°C 

Polypropylene is the most widely used polymer among polyolefins due to three main reasons. 
Firstly, favorable properties of PP such as low density, high melt temperature and chemical 
inertness with low-cost making PP optimum for different applications. Secondly, Polypropylene 
is one of those rather versatile polymers out there, meaning that diversity in structural designs 
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and mechanical properties are achievable. Thirdly, different morphological structures of PP are 
possible by blending PP with other polymers. Moreover, incorporation of reinforcing agents and 
fillers with PP yields new composites with superior characteristics. Special and reinforced 
polypropylene grades include elastomer-modified PP, elastomer modified filled PP, glass fiber-
reinforced PP, particle reinforced PP, filled PP, esthetic filled PP, and flame-retardant PP [84]. 

2.2.1 Structure and Types of PP 

Generally, PP has a semi-crystalline structure and the degree of crystallinity could vary, 
depending on the stereo-chemical structure, and crystallization conditions. Crystallinity arises 
from the stereo-regularity in the molecular structure. However, irregularities such as branching 
or tail addition during polymerization limit the degree of crystallinity in the polymer [85]. There 
are three types of PP:  

2.2.1.1 Atactic PP (aPP):  

Atactic PP is completely amorphous with -CH3 (methyl) groups that are randomly placed on the 
main chain. It does not have a melting temperature; rather it just softens upon heating until it 
flows like a very viscous liquid [83]. Figure 2.6 presents the structure of aPP polymer. 
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Figure 2.6: Structure of aPP. 

2.2.1.2 Syndiotactic PP (sPP):  

Syndiotactic PP is a semi-crystalline polymer with -CH3 groups alternatively oriented and 
positioned along the main chain. The polymer is more homogeneous than aPP [83]. The structure 
of sPP polymer is presented below in Figure 2.7. 
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Figure 2.7: Structure of sPP. 
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2.2.1.3 Isotactic PP (iPP):  

Isotactic PP is also semi-crystalline polymer but with the highest degree of crystallinity. The -
CH3 groups are all oriented on one side of the main chain, which makes the polymer very 
homogeneous and stable [3,81]. In most applications, iPP is used. Figure 2.8 presents the 
structure of aPP polymer. 
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Figure 2.8: Structure of iPP. 

2.2.2 Properties of PP 

PP with a highly crystalline structure has a high level of stiffness and a higher melting point 
compared to other commercial thermoplastic polymers. Table 2.3 below shows some important 
mechanical and thermal properties of PP [86]. 

Table 2.3: Mechanical and thermal properties of PP [86] 

Properties of PP Value Unit 

Density 0.91-0.94 g/cm3 
Specific volume 30.4-30.8 cm3 /Ib 
Tensile strength 3200-5000 Psi (Pound/sq. in.) 
Flexural strength 7000 Psi (Pound/sq. in.) 
Elongation 3-700 % 
Water absorption (24h) 0.01 % 
Rockwell hardness 95 R-scale 
Thermal expansion 5.8-10 10-5 in./in.°C 
Melting point, Tm 160-166 °C 
Softening point, Tg 140-150 °C 
Max. working temperature 150 °C 
Glass transition temperature -10 °C 
Electric resistivity 107-109 Ohm m 

Properties of PP are strongly dependent on their crystallinity. The Hardness resulted from the -
CH3 groups in its molecular chain structure. PP is a lightweight polymer with a density of 0.90 
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g/cm3 that makes it suitable in many industrial applications. However, PP is not suitable for 
applications at temperatures below 0°C [82]. It is experimentally proven that PP has excellent 
and desirable mechanical, physical, and thermal properties at room temperature [3,81]. It has a 
low density and relatively good resistance to impacts [84]. The typical crystallinity of PP is 
between 40 and 60%. PP is a low-cost thermoplastic polymer with excellent properties like flame 
resistance, transparency, high heat distortion temperature, dimensional stability and recyclability 
making it ideal for a wide range of applications [82]. PP is a free-color material with excellent 
mechanical properties. Chemical resistance of PP can be described as follows: high resistance to 
dilute and concentrated alcohols, acids, and bases, moderate resistance to esters, aliphatic 
hydrocarbons, aldehydes, ketones and poor resistance to aromatic and halogenated hydrocarbons 
and oxidizing agents [3,81].  

2.2.3 Synthesis of PP 

In 1954, Giulio Natta first discovered PP and commercial production began in 1957. PP is a 
petrochemical product of the olefin monomer propylene. The PP polymer is produced by a 
monomer connection process called addition polymerization. High heat, coupled with initiator or 
catalyst is needed in this process to combine monomers together. Thus, propylene monomers are 
polymerized into very long polymer macro-molecules or chains. PP can be synthesized from the 
propylene monomer by Ziegler-Natta polymerization or by metallocene catalysis polymerization 
[3,81]. PP production from propylene is shown in Figure 2.9. 
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Figure 2.9: PP Synthesis process. 

Researchers found that branching of linear Ziegler–Natta PP is possible by creating chains based 
on the molecular weight distribution. Introducing branching into a linear PP results in a product 
with high molecular weight, high melt temperature and improvement in properties like modulus 
and tensile strength, rigidity and heat resistance [82]. To identify the polymer structure and 
properties, branching parameter β, which is the average number of branch points per molecule, 
and λ which is the number of branch points per 103 carbons, are calculated [3,81]. For the 
branching process, a post-reactor is used. The branching efficiency is associated with the 
temperature and chemical composition of the reaction. The relation between branching 
parameters and the molecular weight is significant to design polymers with unique properties for 
different applications [87,89]. 
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2.2.4 Applications of PP 

PP is the second most used thermoplastic polymer in the world, due to high availability, 
moderate cost, ease of manufacturing, and favorable properties. It is made from the combination 
of propylene monomers and used in a wide variety of applications [83]. Common applications of 
PP include: 

• Packaging Applications: Good barrier properties, high strength, good surface finish, and low 
cost make PP ideal for both flexible and rigid packaging applications. 

• Consumer Goods: PP is used to make in several household products and consumer goods 
applications including housewares, translucent parts, appliances, furniture, toys, luggage, etc. 

• Automotive Applications: Due to the low cost, outstanding mechanical properties, and 
moldability, PP is widely used in automotive industries. Main applications include bumpers, 
battery cases and trays, instrumental panels, fender liners, interior trim, and door trims.  

• Fibers and Fabrics: PP ropes and twines are very strong and moisture resistant highly 
favorable for marine applications. PP fiber is used in a wide variety of applications including slit-
film, tape, strapping, staple fibers, spun bond and continuous filament, etc. A large volume of the 
PP utilized in the market is in the fibers and fabric form. 

• Medical Applications: Due to its high chemical and bacterial resistance PP is suitable for use 
in various medical applications. Moreover, the medical-grade PP exhibits good resistance to 
steam sterilization. Disposable syringes are the most common medical application of 
polypropylene. Other applications include diagnostic devices, medical vials, intravenous bottles, 
Petri dishes, pill containers, specimen bottles, pans, food trays, etc. 

• Industrial Applications: PP sheets are widely used in the industrial sector to produce acid and 
chemical tanks, pipes, sheets, RTP (returnable transport packaging), etc. because of its properties 
like high tensile strength, lightweight and corrosion resistance. 

• Composites and engineering materials development: PP is very suitable for reinforcing and 
filling. Thus, PP is extensively used for Composites and engineering materials synthesis.  

2.3 Fundamental Concept of Composites 

Composites are miscellaneous materials prepared from two or more different materials with 
varying physical and chemical properties, and the final product exhibits the combined properties 
of the constituent materials [90,91]. Usually, the mixing is done physically, but sometimes 
chemical reactions aid the process and within the structure of the composite constituent materials 
remain distinguishable on a macro level. When one or more of the constituent materials used to 
fabricate the composite are derived from biological origins, the resulting composite is then 
defined as bio-composite [92]. Simple composites are made of only two different materials, one 
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is the matrix and the other is reinforcement. Though, the application of a binary matrix and 
several reinforcing agents is becoming more popular to develop superior composites [93]. The 
reinforcing agents (fibers or particles) in a composite are added to increase the desired properties 
of the composite, while the main job of the matrix (polymer, ceramic or metal) is to hold the 
whole thing together [94]. 

Polymeric composites are popular and widely used forms of composites. Generally, polymer 
composites consist of a polymer resin (acting as the matrix) and one or more reinforcements are 
added to serve specific objectives or requirements. For example, composites for automotive and 
aerospace applications require special properties such as high mechanical strength and 
lightweight. Traditionally synthetic fibers like glass or carbon fibers have been used to reinforce 
composites and are able to serve such requirements. However, with the growing global 
environmental concerns, the very slow biodegradability of synthetic fiber-reinforced composites 
is a crucial disadvantage. Therefore researchers are finding other viable approaches to enhance or 
accelerate the biodegradability of polymeric composites [95]. For this reason, natural ingredients 
from organic sources provide good prospective as reinforcements in thermoplastics, thermosets, 
and elastomers. Major advantages of using natural reinforcements (fibers, flakes, and 
particulates) in composites are low cost, renewability, lightweight, being nonhazardous and more 
importantly they can accelerate biodegradability of the polymeric composites [92,96]. Figure 
2.10 is the graphical illustration of the current applications of polymeric composites in 
automotive industries [97]. 

 

Figure 2.10: Schematic representation of composite applications in cars [97] 
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In Germany, most of the car manufacturing industries (i.e. Volkswagen Audi Group, BMW, 
Mercedes, Opel, and Daimler-Chrysler, etc.) are now using natural fiber and particle reinforced 
composites for interiors, door linings and paneling [97,98].   

2.3.1 Classifications of Composite Materials 

The overall properties of a composite system are determined by both the matrix and the 
reinforcements. So it is convenient to classify composite materials according to the type of 
matrix and the characteristics of reinforcements [91].  

2.3.1.1 On the Basis of Matrix Materials 

On the basis of the matrix, composites can be classified into three major types [99]. They are as 
follows: 

• Metal matrix composites (MMCs): These types of composites are made by reinforcing 
materials (usually ceramics or metals) into a metallic matrix. MMCs pose advantageous 
properties such as high stiffness, high strength even at elevated temperatures, excellent abrasion 
resistance, high thermal conductivity, high thermal stability, high wear resistance, etc. 

• Ceramic matrix composites (CMCs): These types of composites are fabricated by reinforcing 
ceramic fibers into a ceramic matrix. Thus, CMCs are ceramic fiber reinforced ceramic material 
and the main reason behind developing such materials is to overcome the limitation of the 
conventional ceramic materials like alumina, aluminium nitride, silicon carbide, silicon nitride, 
zirconia, etc. Improved properties of CMCs include excellent corrosion resistance even at high 
temperatures, higher mechanical strength even at high temperatures, high stiffness, high 
toughness, decreased density, high thermal shock resistance, etc. 

• Polymer matrix composites (PMCs): These types of composites contain fibers or particles as 
reinforcements embedded in a polymeric resin matrix [99]. PMCs are the most popular and 
widely used composites in the world due to their low cost and simple fabrication methods [91]. 
Polymers without reinforcements have limitations such as inferior mechanical properties, low 
thermal stability, short lifetime or durability. PMCs have the potentiality to overcome such 
limitations. Superior properties of PMCs include low cost, good abrasion resistance, high 
specific stiffness, high tensile strength, high fracture resistance, good corrosion resistance, good 
fatigue resistance, etc. [91]. Figure 2.11 illustrates the classification scheme for composite 
materials on the base of the matrix [99]. 

 

 

 



23 
 

 

 

 

 

 

 

Figure 2.11: Matrix based classification of composites [99] 

However, depending on the degradability composite matrices can be divided into two more types 
as biodegradable matrix and non-biodegradable matrix [100]. Composites made from natural 
biodegradable matrices are referred to as green composites [91].  

2.3.1.2 On the Basis of Reinforcement Materials 

The classification of composites according to the types of reinforcements are particle reinforced 
composites (also known as particulate composites), fiber reinforced composites (also known as 
fibers composites), and structural composites (also known as laminate composites) [99]. The 
classification of composites on the base of the reinforcement materials is presented in Figure 
2.12. 

 

 

 

 

 

Figure 2.12: Classification of composites based reinforcement type [99] 

• Particle reinforced composites: These types of composites consist of a matrix reinforced by 
particles. The particles are used to decrease the ductility and increase the modulus of the matrix 
[101]. Particles can have virtually any shape, size or geometry. However, for effective 
reinforcement, the particles should be minimum and evenly distributed throughout the matrix. 
Generally, the particulate phase of the particle reinforced composite is stiffer and harder than the 
matrix. These reinforcing particles tend to restrain movement of the matrix phase around each 
particle and the matrix transfers some of the applied stress to the particles, thus the composite 
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becomes harder and stiffer. The degree of reinforcement depends on strong bonding at the 
matrix–particle interface, which is related directly to the improvement of mechanical behavior 
[102]. There are two types of particle reinforced composite, that are illustrated in Figure 2.13 
[103]. 

 

 

 

 

 

Figure 2.13: Types of Particle reinforced composites [103] 

In large particle reinforced composites, the term large is used to define that the interactions are 
not at the molecular or atomic level; rather overall interaction mechanism is used [102]. An 
example of large particle reinforced composite is concrete, where sand and gravel are the particle 
reinforcement and cement is the matrix. 

On the other and, much smaller particles are used in dispersion-strengthened composites [102]. 
In this type of composite interactions between particle and matrix occur at the atomic or 
molecular level, resulting in improvements in mechanical and other properties. Ultrafine bamboo 
char reinforced PP composite is an ideal example of the dispersion-strengthened composite [1]. 

• Fiber reinforced composites: Fibers are applied as reinforcement in a fiber reinforced 
composites. Fibers are a class of hair-like material that are continuous filaments or are in discrete 
elongated pieces, similar to pieces of thread. They can be used as a component of composites 
materials. Fiber reinforced composites exhibit improved mechanical properties, especially tensile 
strength, stiffness and fracture toughness, etc. Moreover, the application of natural fiber makes 
the composite eco-friendly, lightweight, strong, renewable, cheap and biodegradable [104]. 
However, Internal delamination damages in a fiber-reinforced composite are difficult to detect 
and nearly impossible to repair by conventional methods [105].  

Fiber reinforced composites can be of two types, they are continuous and discontinuous fiber 
reinforced composites as illustrated in Figure 2.14. Continuous type of composite contains long 
continuous fibers as reinforcements. On the other hand, in discontinuous composites, a matrix is 
reinforced by a dispersed phase form by discontinuous short fibers. 
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Figure 2.14: Types of Particle reinforced composites [103] 

• Structural composites: Structural composites are an especial composite type containing both 
the homogeneous and the composite materials. Geometrical shapes play a vital rule in structural 
composites. The properties of such composites depend on both the constituent materials and the 
geometrical design of the structural elements [106]. Figure 2.15 presents the most common types 
of structural composites [103]. 

 

 

 

 

Figure 2.15: Structural composite types [103] 

Sandwich panel composite contains two outer sheets that are adhesively bonded to a thicker core. 
The outer sheets are made of relatively strong and stiff materials (i.e., reinforced plastics, 
aluminum alloys, titanium, steel, etc.) and the core materials are usually lightweight and have a 
low modulus of elasticity (i.e., polyurethanes, epoxy, balsa wood, etc.). 

2.3.2 Advantages and Disadvantages of Composite Materials 

During the last few decades, compared to metals and other synthetic materials, the use of 
composite materials in the number of applications has increased very rapidly. Composites, 
Polymeric composites have influenced every aspect of modern civilization and simplified human 
lives. Today, various types of composites are available for the household to aerospace 
applications and can be easily seen in everyday applications [107]. Different kinds of materials 
such as natural and artificial fibers, organic and inorganic particles, elastomers, plastic 
compounds, ceramics, and metals can be used for composites, and these materials are being 
tailored frequently to meet the desired industrial applications. Composites have even replaced 
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glass-based materials and traditional metals for a number of applications due to their low cost, 
ease of processing, and availability [108]. However, due to rising environmental awareness, 
health concerns, and depletion of petroleum resources, recent years have seen a dramatic shift in 
the development of novel materials derived from bio-based renewable resources [109]. 
Polysaccharides, such as starch, chitin/chitosan, cellulose, alginate, and carbohydrate polymers, 
and animal protein-based biopolymers, such as gelatin, wool, silk, and collagen, are some well-
known examples of bio-renewable resource-based environment friendly polymeric materials that 
can be used for environment friendly bio-composites synthesis. Moreover, bio-based materials 
procured from different natural resources, such as natural fibers, biochar, wood flour, etc. could 
be used as reinforcements for bio-based composite development [10,110]. Diverse efforts are 
being made to incorporate bio-based materials such as natural fibers/agriculture residue in 
matrices to make the final product completely/partially biodegradable and eco-friendly [111]. 
Properties such as good specific strength, low density, ease of preparation, high toughness, good 
thermal properties, no health risk, reduced tool wear, and enhanced energy recovery have made 
composite materials very popular choice among the designers, fabricators, equipment 
manufacturers, and consumers [94,95]. However, composites have some drawbacks. The pros 
and cons of composite materials have been illustrated in Table 2.4 below. 

Table 2.4: Gains and losses of composite materials 

Advantages Disadvantages 
High strength to weight ratios Difficulty in adhesion  
Improved strength and stiffness Not biodegradable (most cases) 
Ease of fabrication Possible weakness of transverse properties 
Modified electrical properties Weak matrix resulting in low toughness 
Good thermal stability Cost of fabrication 
Good corrosion resistance Difficulty with damage recovery 

2.4 Fundamental Concept of Polymer Matrix  

The matrix serves two vital functions in a composite. Firstly, it holds the reinforcement phase in 
place and secondly, under an applied force it deforms and distributes the stress among the 
constituent materials [94]. To do this, the matrix must transmit the applied load to the 
reinforcement phase and change shape as required. Matrix also protects the constituents from the 
environment and abrasion with each other. Furthermore, the matrix helps to maintain the 
distribution of reinforcements as well as the distribution of load evenly among the 
reinforcements. It enhances some of the properties of the resulting material. It also provides a 
better finish to the final product [95].  

Polymer resins as a matrix in composites are very popular due to its easy fabrication and good 
room temperature properties. Composites developed by reinforcing polymer resins with fibers or 
particles exhibit improved tensile strength and stiffness, good corrosion resistance, low cost, high 
durability [97]. However, the limited temperature range of using, low transverse strength, 
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residual stress between matrix and reinforcement, and poor adhesion are some of the limitations 
associated with polymer matrix composites. Matrix adhesion to reinforcements coupled with 
sufficient matrix shear strength has the potentiality to minimize such limitations [102]. Polymer 
matrices can be of two major types as illustrated in Figure 2.16.  

 

 

 

 

 

Figure 2.16: Classification of polymer matrix. 

• Thermosets: Thermoset polymers contain a network of atoms (e.g. carbon) covalently bonded 
to form a rigid solid structure. Sometimes nitrogen, oxygen, and sulfur atoms are also covalently 
bonded to aid the thermoset structure formation. Prior curing thermosets are viscous or soft solid 
and after curing the polymer irreversible changes to a hard and rigid solid [112]. During curing, 
extensive covalent crosslinks are formed between adjacent polymer chains; which bonds the 
chains together to resist the chain motions at high temperatures. Curing of thermoset polymer is 
done by a chemical reaction in the presence of heat or radiation, or sometimes both needed. 
Thermosets may be heated and shaped before curing. However, after curing they become 
permanently stiff and solid and cannot be reshaped again. Thermosets are generally stronger and 
more brittle than thermoplastics due to their three-dimensional network of bonds and can be used 
in high-temperature applications [113]. Widely used thermoset polymers are epoxies, polyester, 
phenolic polyamides, etc. 

• Thermoplastics: Thermoplastic is a type of polymer that can be reformed by the application of 
heat and pressure to different shapes for several times without significant change of its properties 
[114]. Thermoplastic polymers can be heated to viscous liquid form and when cooled below a 
certain temperature it freezes to a glassy state. This type of plastic polymers has a high molecular 
weight chain like long macro-molecules and the molecules are linked to each other with different 
types of weak bonds such as Van der Waals force in polyethylene (PE), hydrogen bond in 
polyvinyl alcohol (PVA), aromatic rings stacking in polystyrene, etc. Due to the chain type long 
molecules and week bonding between the molecules thermoplastics are usually ductile, tough, 
damage tolerant, and moldable [115].  

Thermoplastics are very effective for composite development. Properties such as ease of 
processing, low cost, good mechanical strength, high resistance to damage and chemical attack 
make thermoplastics a very potential matrix for composite fabrication. Polyethylene, 
polypropylene, polyvinyl chloride, polystyrene, nylon, polyamide, etc. are the most common 

Polymer Matrix 
 

Thermosets 
 

Thermoplastics 
 



28 
 

thermoplastics with a wide range of applications. Thermoplastics are better than thermosets for 
composite fabrication as thermoplastics do not need curing process, it can be reshaped simply by 
heating, and it has advantageous properties that are mentioned above [116]. The schematic 
representation of the structure of thermoplastics and thermosets is given in Figure 2.17. 

 

Figure 2.17: Molecular Structure of Thermoplastic and Thermoset Polymers [90] 

2.5 Fundamental Concept of Reinforcements for Polymer Matrix 

Reinforcements, also known as fillers, are used to modify the properties of matrix material and 
develop a composite with superior properties. Composites with reinforcements usually exhibit 
superior properties compared to the properties of the neat polymer. Carbon black, glass and 
carbon fiber, CNT, natural and synthetic fibers, metallic and natural particulates, etc. are some 
common examples of reinforcements used in reinforced thermoplastic polymers such as PP, 
acrylonitrile butadiene styrene (ABS), polystyrene, polyvinyl chloride, etc. [100-105]. 
Reinforcements usually have superior mechanical, thermal and/or electrical properties than that 
of the polymer resin. Reinforcing compounds tend to restrain movement of the polymeric matrix 
around them and the matrix transfers some of the applied stress to the reinforcing materials, thus 
the composite develops improved mechanical properties. Reinforcements with enhanced thermal 
stability and electrical conductivity (e.g. CNT, graphene, biochar, etc.) have the potentiality to 
improve the thermal and electrical properties of a polymeric composite [1,2,81]. 

2.6 Reinforcing Theories 

To fabricate a new polymer composite understanding the reinforcing mechanisms is very 
important. There are several theories regarding reinforcing mechanisms of the particle reinforced 
polymer composites such as interfacial adhesion reinforcing theory, filler inducing crystallization 
reinforcing theory, filler frame reinforcing theory, and synergistic reinforcing effect theory [117]. 
Theories behind reinforcing thermoplastic polymer composites with particles have been 
described in the next section.  
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2.6.1 Interfacial Adhesion Reinforcing Theory 

When polymeric composites are bearing load, the stresses taken by the matrix and reinforcement 
materials are transferred through the interface between them, especially for the particulate 
reinforced polymer composites. Thus, interfacial adhesion reinforcing theory believes that the 
reinforcement of the particulates to the polymer composites depend upon the increase of the 
interfacial adhesion strength. In other words, the higher the interfacial adhesion strength, the 
better is the reinforcing effect of the polymer composites. Under the same interfacial adhesion 
strength, the larger the interfacial area of the particles, the better is the reinforcing effect of the 
polymer composites [118].  

2.6.2 Filler Inducing Crystallization Reinforcing Theory 

Researchers found that particulate reinforcements added to the polymer will play heterogeneous 
nucleation [119,120]. Therefore, the crystallization properties of the crystalline polymer will be 
changed after it is reinforced with particles. For example, the super-cooled degree of particle 
reinforced polymer composites will increase with an increase of particles, but it is lower than that 
of unfilled resin, this indicates that the addition of particles will make the crystallization of filled 
polymer easy. When the polymer is filled with a low amount of particles, the super-cooled 
degree is low. This illustrates that as the polymer is reinforced with small quantity particles, the 
melt is easy to form crystal nucleus during cooling, the crystallization accelerating effect of the 
polymer is maximum in this case, and the crystallization speed is the fastest. The crystallization 
speed of the composite decreases correspondingly with raising the filler content gradually, but 
the crystallization speed is faster than the unfilled polymer [120]. 

Generally, it is believed that the increase of crystallinity is beneficial to enhance the rigidity or to 
improve the strength of polymeric materials. As a result, the filler inducing crystallization 
reinforcing theory of particulate-reinforced polymer composites may be described as follows: 
when crystal polymer is reinforced with particles, the filler particles take the effect of 
heterogeneous nucleation in the matrix; the crystallinity is increased correspondingly, resulting 
in the increase of the rigidity and strength of the composite systems. On the other hand, even 
though particles, as nucleating agent may improve crystal structure and may enhance 
crystallization degree, at the same time, due to the interaction between particles and polymer 
molecular chains, restricts the macromolecules movement, the molecular chains participated in 
the crystallization decrease relevantly, leading to reduction of the crystallinity of the composites. 
Hence, this kind of the effects of reinforcement and increasing rigidity takes place usually in the 
case of the polymer composites filled with a low concentration of particles. 

The above discussion indicates that the reinforcement of polymer composites is closely related to 
the crystallinity of the polymer matrix, while the crystallization degree of the matrix resin 
depends upon the competition between the reinforcement particles taking the effect of 
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heterogeneous nucleation in the matrix and the interaction between the matrix and particles such 
as polymer molecular chains restricting the macromolecules movement. 

2.6.3 Filler Frame Reinforcing Theory 

The theory of filler frame reinforcing and increasing rigidity in particle reinforced polymer 
composites is similar to the theory of filler frame reinforcing and enhancing the rigidity of the 
sandstone in concrete. Usually, the modulus of particulates is higher or much higher than that of 
resins [121]. When the polymer is reinforced with particles, the fillers will limit the movement of 
macromolecular chains to a certain extent, leading to a rise of the deformation difficulty of the 
composite material. When the composite is under loading, the stresses are shared and transferred 
by the matrix and filler, enhancing the rigidity and strength of the polymer composite. In other 
words, particles in the matrix play the role of cytoskeleton. 

Liang and Wu [122] studied the influence of the surface treatment of glass beads (GB) on the 
tensile elastic modulus of the reinforced PP composites and observed that the relative Young‘s 
modulus of the PP-GB composites increased but not linearly with the GB volume fraction, even 
though for the GB with untreated surface filled PP composite system. 

2.6.4 Synergistic Reinforcing Effect Theory 

The studies on the reinforcing theories are relatively weaker than the toughening theories of the 
particle reinforced polymer composites. Hence, there have been fewer comprehensive 
descriptions of reinforcing mechanisms so far, even though various explanations for reinforcing 
mechanisms of the particulate reinforced polymer composites have been proposed. On the basis 
of the previous studies, the above three reinforcing theories are induced. That is, interfacial 
adhesion reinforcing theory, filler inducing crystallization reinforcing theory and filler frame 
reinforcing theory. These reinforcing theories may explain better the reinforcing mechanisms of 
the particulate reinforced polymer composites under given conditions. 

However, the factors affecting the reinforcing mechanisms of the particle reinforced polymer 
composites are complex. In fact, the reinforcing mechanisms of the particle reinforced polymer 
composites are usually not singular, while the reinforcing mechanisms are possibly twice even 
triple. That means, the reinforcing effects may be provided by multiple factors, this is the 
synergistic reinforcing effect theory [117]. For example, in spherical particle-filled polymer 
composites, the interfacial adhesion between the filler and matrix is relatively weak, and the 
major reinforcing mechanisms should be the results of joint actions by the filler inducing 
crystallization reinforcing effect and the filler frame reinforcing effect. Thus, the interfacial 
adhesion reinforcing mechanism might be less important in this case. For polymer composites 
filled with block (sheet) particles or column (needle) particles, the interfacial adhesion between 
the particles and resin matrix is relatively strong. The major reinforcing mechanisms, in this 
case, should be the results of joint actions by the filler inducing crystallization reinforcing effect 
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and interfacial adhesion reinforcing effect, while the filler frame reinforcing mechanism might 
be of subordinate importance. It is, therefore, usually difficult to explain perfectly the reinforcing 
effect of particles to polymer materials only using singular reinforcing theory in fact. In other 
words, the above reinforcing theories can be combined according to the specific situation 
including composite type, so as to interpret more accurately the reinforcing mechanisms of the 
composite system. 

2.7 Particle Reinforced Polymeric Composites 

Polymeric composites are prepared by reinforcing the polymer matrix with suitable 
reinforcements (particles or fibers). The nature of the matrix varies from a synthetic to a natural 
polymer depending on the application requirements. On the other hand, the reinforcing materials 
are either particles or fibers from synthetic or natural sources. Generally, mechanical strength is a 
prime index of the performance of the material and it is very important for the materials used in 
structural applications such as machine frames and automobile bumpers. Mechanical properties 
mainly include tensile strength, compression strength, flexural strength, tear strength, etc. 
Preferable mechanical strength of a polymeric composite is usually as high as possible under the 
premise of meeting the use function. Polymers reinforced with particulates including rigid 
organic and inorganic particles, which is an important modification method of polymeric 
composites [123]. Factors that affect the mechanical properties of particle reinforced polymer 
composites are quite complicated [124]. The reinforcement of polymer composites is, therefore, 
one of the vital objectives of polymer modification.  

There are several factors that affect the properties of particle reinforced polymer composites, 
such as the properties of the reinforcement and the polymer resin and the compatibility between 
them, the dispersion and distribution of the particles in the matrix, the reinforcing particles 
shape, size, surface morphology, and concentration, as well as the interfacial status [125]. 
Researchers found that the rigid reinforcing particles have the potentiality to increase not only 
the rigidity but also the strength of the composite. They also found that the reinforcing effect of 
particle reinforced polymer composites depends, to a great extent, on the ability to reinforce 
particles to modify the polymer matrix to form the appropriate aggregation structure, such as the 
crystallization degree and the grain size. Moreover,  the crystallization degree of the composites 
increases with increasing the reinforcing particle content, especially for crystalline polymers, and 
the mechanical properties such as Young‘s modulus increase correspondingly in this case [124]. 
Thus it is believed that the reinforcing particles enhance the heterogeneous nucleation in the 
matrix resin, promoting the crystallization capability of the particle reinforced systems. This 
indicates that the addition of particle reinforcements into the polymer could change the structure 
of the polymeric composites. Besides, the reinforcing particles will impede the movement of the 
macromolecular chains of the matrix to a certain extent. Such restriction to chain movement is 
beneficial to increase the mechanical strength and rigidity of the reinforced composite system. 
Furthermore, the reinforcing particles may also develop a framework in the matrix, which has the 
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potentiality to improve not only the mechanical properties but also the thermal stability and the 
electrical conductivity of the particle reinforced composite [117]. 

2.7.1 Biochar Reinforced Thermoplastic Polymer Composites  

Due to environmental safety and future scarcity, increasing demand for new eco-friendly 
products has stimulated the interest of both academic and industrial research to investigate 
renewable and bio-based materials, with the aim to develop a more sustainable manufacturing 
approach [126]. Correspondingly, the use of organic natural fibers and particles for the 
production of polymer-based composites has received great attention [11,14]; particularly, bio-
derived materials have been utilized in several polymeric composites, showing the potential to 
substitute the traditionally used fillers in polymer composite systems, also because of their 
advantageous price–volume–performance relationships [126]. However, due to the low thermal 
stability of natural fibers, their use in polymer-based composites has been often problematic. 
Moreover, the degradation of bio-derived fibers occurs in the temperature range typical to that of 
polymer processing, and this feature limits the choice of the polymer matrix and significantly 
limits the successful fabrication of the composites [127]. In addition, natural fibers show poor 
compatibility with most polymers, therefore chemical and/or physical treatments of their surface 
are often mandatory to enhance the polymer/reinforcement interfacial interaction [17,127]. A 
further drawback of bio-derived fibers is the high hydrophobicity which restricts their 
incorporation in moisture sensitive polymeric matrices [127]. A promising alternative to the 
traditional natural fibers is biochar. 

Biochar (BC) is a carbon-rich inexpensive material derived from the thermochemical 
decomposition of lignocellulosic biomass in the absence or limited supply of oxygen. In 
comparison with other types of carbonaceous materials, BC emerges as a new cost-effective and 
environmentally friendly carbon material with great potential of application in various fields. In 
recent years, there has been a considerable shift in research interest toward the utilization of BC 
in applications, such as carbon fuel cells, energy storage, and catalysis, along with its traditional 
uses as an adsorbent and soil amendment agent to promote carbon sequestration [133]. The use 
of biochar has found plenty of applications due to its interesting mechanical and temperature-
related properties. Usually, costly carbon and glass fillers (e.g., carbon fiber, carbon nanotube, 
graphene, glass fiber) are used to increase mechanical properties of reinforced plastics [130] but 
are experiencing decrease popularity for real scale production. This is because of the high cost 
and problems correlated to low yields of productive processes [126]. Thus, low-cost waste and 
bio-derived carbon fillers like biochar have become very attractive. Tuneability of the BC 
properties represents an interesting route to improve the mechanical exploitation of thermoplastic 
composites [130, 131]. Arrigo et al. [127] demonstrated the beneficial effect of spent coffee 
biochar on the thermal and mechanical properties of polyethylene composites. Furthermore, the 
enhanced electrical conductivity of polymeric composites by biochar addition was reported [18]. 
On the other hand, rice husk derived biochar was found to improve the thermal stability of 
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polyolefin composites [128]. Rice husk is abundant and cheap. Application of rice husk biochar 
as a reinforcing agent in the polymer matrix is a smart choice due to its high surface area, 
porosity, and renewability [128]. 

The consumption of reinforced plastic composites has been growing rapidly and accordingly the 
carbon-based filler composites as well. Production of petro-based carbon materials needs a 
tedious synthetic process and is not environmentally or economically viable. Efforts have been 
made to explore various renewable carbon resources as the feedstock that is cost-effective, 
environment-friendly, and are abundant in nature. According to recent researches, there is a 
scope for the successful application of biochar in thermoplastic composites due to its high carbon 
content, porous structure, large surface area, which could facilitate the physical bonding with the 
polymer matrix. Biochar has been successfully incorporated with different types of polymer 
matrices for improving their mechanical, electrical and thermal properties [14]. 

2.8 Review of Related Research Works  

Application of biochar as reinforcement to produce bio-based composites is currently getting 
much attention due to its low cost and favorable properties such as high thermal stability, 
excellent electric conductivity, and large surface area compared to natural fibers [127]. Biochar 
is being incorporated in different polymers to develop composites with improved mechanical, 
electrical and thermal properties. Significant research works in the field of biochar reinforced 
thermoplastic composite is presented below in Table 2.5. 

Table 2.5: Remarkable studies on biochar reinforced polymeric composites 

Polymer Matrix Reinforcement Observations Reference 

High-density 
polyethylene 
(HDPE) 

Poplar biochar 

Poplar biochar addition increased flexural 
strength, reduced impact toughness, and 
promoted early crystallization of the 
composite 

[126] 

High-density 
polyethylene 
(HDPE) 

Spent coffee 
ground biochar 

Biochar improved the thermo-oxidative 
stability and modified the melting enthalpy 
of the composite 

[127] 

High-density 
polyethylene 
(HDPE) 

Rice husk 
biochar 

The developed composite exhibited 
improved bending and tensile strength than 
wood-plastic composites 

[17] 

Starch Rice husk 
biochar 

Rice husk biochar addition improved the 
mechanical and thermal properties of the 
composite 

[128] 

Polyester resin Rice husk 
biochar 

Impact strength and dielectric constant of the 
composite increased but tensile strength 
reduced 

[11] 

epoxy resin Coffee waste 
biochar 

Developed composite exhibited better 
electric conductivity and improved [129] 
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mechanical performances 

epoxy resin Olive pruning 
biochar 

Tuneability of the mechanical properties of 
composites according to the thermal history 
of the biochar 

[130] 

Styrene-
butadiene 
rubber (SBR) 

Waste lignin 
biochar 

Composite exhibited improved tensile 
strength and elongation at break [131] 

Poly 
(trimethylene 
terephthalate) 
(PTT) 

Lignin residue 
biochar 

weight reduction coupled with increased heat 
deflection temperature and flexural strength 
of the composite was reported 

[132] 

Polypropylene 
(PP) 

Date palm 
biochar 

PP biochar composite exhibited improved 
thermal stability and stiffness [133] 

Polypropylene 
(PP) 

Date palm 
biochar 

Biochar incorporation in PP enhanced tensile 
strength and electrical conductivity but 
reduced the crystallinity of the composite 

[14] 

Polypropylene 
(PP) 

Waste 
pinewood 
biochar 

Biochar in PP composites was found to 
improve mechanical strength and thermal 
stability 

[2] 

Polypropylene 
(PP) 

Landfill 
pinewood 
biochar 

Developed composite showed improved 
tensile and flexural properties with a 
relatively low peak heat release rate 

[134] 

Polypropylene 
(PP) 

Pinewood 
biochar 

Biochar addition increased presence of free 
radicals, thermal conductivity and 
crystallization temperature of the composite 
but did not disrupt the crystal structure 

[135] 

Polyvinylidene 
fluoride (PVdF) Wood biochar 

Prepared biochar composite membranes have 
high mechanical strength and a porous 
structure with promising adsorption 
capacities 

[136] 

Polyvinyl 
alcohol (PVA) 

Mixed 
hardwood 
biochar 

Addition of biochar promoted electrical 
conductivity, thermal decomposition 
temperature and tensile modulus of the PVA 
composites 

[18] 

Accordingly, Zhang et al. [126] prepared poplar biochar by pyrolyzing poplar wood in a muffle 
furnace at different temperatures and heating rate of 150C/min. Poplar biochar was mixed with 
high-density polyethylene via blending and extruding to form a poplar biochar-HDPE composite. 
The developed composite exhibited enhanced flexural strength due to the interlocking structure 
between poplar biochar and HDPE. Poplar biochar addition found to decrease the impact 
strength of the composite but did not affect the microcrystalline structure of HDPE. HDPE 
composite was also developed by Arrigo et al. [127] by incorporating spent coffee ground 
biochar in HDPE by melt compounding method. Biochar was prepared from waste coffee 
powder via pyrolysis in a tubular furnace at a heating rate of 50C/min and heating up to 7000C. 
The thermo-oxidative stability of the composite was improved and polymer crystallinity was 
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decreased by the biochar addition. Zhang et al. [17] in another study reinforced HDPE with rice 
husk biochar (RHB). Biochar was prepared by fast pyrolysis of rice husk in a fluidized bed 
reactor at 7000C and was mixed with HDPE via the extrusion method. HB reinforced HDPE 
composites showed higher bending, tensile, and impact strength than that of wood-plastic 
composites and rice husk biochar reduced the crystallization rate of HDPE. The researchers 
concluded that the RHB is feasible to reinforce thermoplastic polymers such as HDPE. RHB was 
investigated by other researchers also as reinforcement in different polymers. Correspondingly, 
Amin et al. [128] reinforced Tacca leontopetaloides starch with RHB and reported significant 
improvement in mechanical and thermal properties. Especially, tensile strength and thermal 
degradation temperature were improved. On the other hand, Richard et al. [11] reinforced 
polyester resin with RHB. Biochar was prepared by pyrolyzing rice husk in an electric muffle 
furnace at 4500C and the obtained rice husk derived biochar was mixed with polyester resin by 
resin transfer molding method. It was reported that the impact strength and dielectric constant of 
the RHB –polyester composite increased by 77.5% and 7% respectively due to RHB addition 
compared to pure resin. However, a decrease in tensile strength was also reported by the 
researchers. 

Coffee waste biochar was again utilized by Giorcelli et al. [129] to reinforce epoxy resin 
polymer. The researchers reported that, even though coffee biochar had less conductivity 
compared with carbon black in powder form, but it created composites with better conductivity 
in comparison with carbon black composites. The mechanical properties of the composite were 
also improved with respect to neat epoxy resin. Thus the researchers concluded that considering 
the sustainability of biochar production, biochar-derived carbon could be a sound replacement 
for oil-derived carbon fillers. Bartoli et al. [130] also reinforced epoxy resin but with different 
biochar. They prepared biochar from olive pruning by pyrolysis in a tubular furnace in N2 
atmosphere. It was found that the mechanical properties of the olive pruning biochar-epoxy resin 
composites could be tuned according to the thermal history of the biochar applied. Jiang et al. 
[131] investigated a rather different composite, where they reinforced styrene-butadiene rubber 
(SBR) with waste lignin biochar and reported increased tensile strength and elongation at break 
of the rubber composite. Lignin biochar was also utilized by Myllytie et al. [132] to reinforce 
poly-trimethylene terephthalate (PTT) and their study revealed that weight reduction coupled 
with increased heat deflection temperature and flexural strength of the composite was achieved 
by biochar incorporation.  

Polypropylene (PP) reinforced with date palm biochar composite was developed by Elnour et al. 
[133] to study the effect of pyrolysis conditions on both the biochar and composite. They 
obtained biochar from lignocellulosic biomass of date palms via slow pyrolysis carried out at 
different temperatures with a heating rate of 100C/min for 2 h and the biochar was mixed with PP 
by melt mixing process followed by injection molding. The developed date palm biochar 
reinforced PP composites showed improved thermal stability and the stiffness was also 
increased. However tensile strength and ductility of the composite remained unaffected and 
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biochar acting as a nucleating agent enhanced the overall crystallization process. Thus, the 
researchers concluded that biochar can be used as a potential reinforcing material in PP and other 
polymeric composite systems. Date palm biochar reinforced PP composite was also studied by 
Poulose et al. [14] to investigate the electrical, mechanical, thermal and rheological properties of 
the composite. The electrical conductivity of date palm biochar PP composite was increased by 
four orders of magnitudes on increasing the biochar content from 0 to 15% w/w. The tensile 
modulus of the composites was also improved when compared with neat PP. On the other hand, 
Das et al. [2,134,135] in a series of study investigated different aspects of biochar/PP 
composites. Das et al. [2] in one study developed waste pinewood biochar reinforced PP 
composite and investigated the mechanical and flammability characteristics of the bio-
composite. The fabricated biochar/PP bio-composites showed improved flexural strength and 
thermal stability when compared with neat PP. Das et al. [134] in a second study, added four 
types of waste biomass (rice husk, coffee husk, coarse wool fiber, and landfill pine wood) with 
biochar and polypropylene (PP) to manufacture bio-composites. It was found that wood base 
biomass incorporated biochar/PP bio-composites offer good mechanical and thermal properties. 
In another study, Das et al. [135] characterized the chemical and thermal properties of biochar 
incorporated wood/PP composites. The study revealed that, biochar addition reduced surface 
roughness of the composite but did not affect the crystal structure of PP and higher amounts of 
biochar incorporation promoted the thermal conductivity of the composites. A. Ghaffar et al. 
[136] also used wood biochar to fabricate biochar/polymer composite but with a different 
polymer, which is polyvinylidene fluoride (PVdF). Composite membrane fabricated by the 
researchers exhibited high mechanical strength and a porous structure with promising adsorption 
capacities. Finally, Nan et al. [18] investigated the composites prepared from polyvinyl alcohol 
(PVA) and mixed hardwood biochar and reported that the addition of biochar enhanced thermal 
decomposition temperature, electrical conductivity, and tensile modulus of the PVA composites. 

2.9 Viability of Rice Husk Pyrolyzed Biochar Reinforced PP Composite 
Fabrication 

In order to reduce the dependence on fossil resources, two countermeasures are commonly 
adopted by the researchers. The first one is to explore new renewable materials that have the 
potentiality to replace petroleum-based products, and the second is to develop a viable pathway 
of recycling and reusing industrial, agricultural, and domestic wastes [131]. Especially, the 
disposal of solid wastes from different sources is a challenging issue for many nations because of 
the lack of high-tech treatment infrastructure to transform waste into high-value products. The 
landfill and incineration of solid wastes are mainly adopted worldwide. However, soil and air 
contaminations are generated from the degradation and burning of these solid wastes. Therefore, 
converting those wastes into usable and renewable products to replace current petroleum-based 
products is a win-win strategy. 
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Waste biomass sources can be processed via the pyrolysis technique for biochar and other value-
added production. Paddy rice is among the highest cultivated agricultural crop around the world 
and paddy rice cultivation is increasing almost every year [25] and Bangladesh is the fourth 
largest milled rice-producing country [26]. The paddy rice cultivation produces a significant 
amount of byproducts such as rice bran, straw, and rice husk. Usually, straw and rice bran are 
used for animal feeding. On the other hand, rice husk (RH) is a waste product that has limited 
uses. An average of 20 kg husk is produced during 100 kg milled rice is processed [28]. The 
huge amount of rice husk produced during paddy rice processing is poorly utilized, especially in 
developing countries, causing environmental and health threats [29]. High-quality biochar can be 
produced from rice husk via the pyrolysis process and it can be utilized as fillers/reinforcements 
in polymeric composites [17,128]. Biochar has additional advantages than natural fiber as 
reinforcement in polymer composites since the properties of biochar can be altered by modifying 
the pyrolysis conditions to obtain biochar with desired properties and to obtain greater 
compatibility with the polymer matrix than the hydrophilic natural fibers [14]. The thermal 
stability of the resulting biochar composites has been reported to be higher than the composites 
with natural fibers such as jute, sisal, flax, hemp, coir, and cotton. Rice husk biochar (RHB) was 
found to be advantageous for biochar polymer composite synthesis. RHB reinforced polymer 
composites exhibited improved mechanical, thermal and electrical properties [11,128]. Thus, 
researchers concluded that the RHB is a potential reinforcing material for thermoplastic 
polymers [17]. 

Polypropylene (PP) is a versatile commodity polymer and has excellent processing 
characteristics. PP has been extensively replacing engineering plastics due to its economic 
viability, reduced weight, excellent mechanical properties, and ease of processing. Researchers 
were able to fabricate composites with superior properties by reinforcing PP with biochar 
prepared from various biomasses [2,14,133] and they concluded that biochar has the potentiality 
to be a potential reinforcing material for PP systems [133].  

As RHB is a potential reinforcement for polymeric composites and PP has excellent interaction 
with biochar fillers, so RHB reinforced PP composites are expected to possess superior 
mechanical, thermal and electrical properties. However, to date, there are no vital studies 
exploring the fabrication and properties of RHB reinforced PP composites. As a consequence, in 
this report, a comprehensive study on RHB reinforced PP composites fabrication and 
characterization of their mechanical, thermal and electrical properties have been performed. 
Successful fabrication of RHB reinforced PP composite will not only develop high-quality 
material but also ensure the conversion of agricultural waste into value-added products and save 
the environment. 
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2.10 Likely Applications of Rice Husk Pyrolyzed Biochar Reinforced PP 
Composites 

Polymers have become the backbone in the day-to-day applications such as food packaging, 
medical products, household goods, and automobile parts, due to its alluring and long life 
properties [95]. Especially, in automotive industries, the application of polymers and composites 
is increasing very rapidly. Tailoring new efficient products to maintaining a sustainable 
environment is a major challenge to the researchers of this era.  

PP is an excellent engineering plastic, with favorable mechanical properties, lightweight due to 
its low density, and impressive chemical resistance. Particulate reinforced PP composites offer 
superior qualities and deliver improved chemical, mechanical, environmental, and electrical 
properties [137]. Reinforcement of RHB in PP is expected to improve the mechanical properties 
such as impact strength (toughness), flexural strength, and dimensional stability, reduce cost and 
increase the thermal stability of the composite. The composite with such improved properties is 
suitable for various engineering applications, especially in automotive industries. The potential 
applications of the new composite may include vehicle interior component (armrests, pillars, 
consoles, etc.), air cleaner bodies, heater housings, heater baffles, and other interior component 
with improved aesthetics, car dashboards, dashboard components, side protective strips, high 
flexible bumper with high impact, high stiffness, self-supporting bumpers, underbody 
aerodynamic covers, cowl linkage covers, spoilers, plugs, engine fans, wheelhouse trims, 
steering wheel coverings, trim panels, radiator headers, air cleaner bodies, etc.  

The composite is expected to reduce the application of metal, wood, ceramic, and glass in the 
automotive industries. Moreover, improved properties of the developed composite might prove 
to be a better choice for applications in other sectors such as home appliances, and industrial 
components. 
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3.1 Materials  

3.1.1 Rice Husk (Precursor of Biochar) 

Rice husk (RH) used in this research was collected from a local rice mill situated in Dohar near 
Dhaka of Bangladesh. The husk was of freshly milled BRRI-28 paddy as mentioned by the mill 
manager. Firstly, the obtained RH was inspected properly for dirt and other unwanted substance 
removals. Then, it was washed with deionized water three times and dried properly in sunlight. 
Finally, the dry RH was kept inside an airtight container for future use. The image of the RH 
used in this work is presented in Figure 3.1 

      

Figure 3.1: Picture of rice husk a) as obtained from the mill, b) washed and dried. 

3.1.2 Virgin PP Resin 

Polypropylene (PP) as a polymer matrix used in this study was SABIC PP 575P from Saudi 
Arabia and it was specially developed for producing rigid injection molding articles for general 
purpose applications. The PP resin was collected locally from Rahim Plastic Center, Dhaka-
1211. Typical properties of the PP resin (as provided by Sabic) used in this study are given 
below in Table 3.1 

Table 3.1: Properties of the PP resin used in this study (from Sabic website for SABIC PP 575P). 

Properties of PP Typical Value Unit Test Method 
Density at 23°C 905 kg/m³ ASTM D1505 
Melt Flow Rate,  
at 230°C & 2.16kg load 

11 g/10 min ASTM D 1238 

Vicat Softening Point 153 0C ASTM D1525 
Heat Deflection 
Temperature, at 455kPa 

98 0C ASTM D648 

Rockwell Hardness 104 HRR ASTM D785 
Notched Izod Impact 
Strength, at 23°C 

22 J/m ASTM D256 

Strength @ Yield 35 MPa ASTM D 638 
Elongation @ Yield 11 % ISO 527-2 1A 

a) b) 
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Image of PP sack from which PP resin was collected and granulates of PP is shown below in 
Figure 3.2 

     

Figure 3.2: Polypropylene (PP) - a) A sack of PP, b) Virgin PP granulates. 

3.1.3 Other Accessories 

Rice husk derived biochar and polypropylene are the two components used for composite 
fabrication. However, some other supporting materials were also needed to aid the total process. 
Silicone mould release spray from Bosny, Thailand was applied for better release of the 
composite from the mould, acetone from Merck, India was used for mould cleaning, a stainless 
steel cylindrical pot with perforated lid was used for rice husk pyrolysis, and airtight plastic 
containers were used for biochar and other materials storage. All these accessories were collected 
from local market. 

3.2 Biochar Preparation 

Biochar was prepared from cleaned RH via the slow pyrolysis method. Firstly, the clean RH was 
dried for 2 hours at 1100C in an oven (Figure 3.3 a). Then, 200 g of dry RH was weighted and 
kept inside a stainless steel cylindrical pot (Figure 3.3 b) to perform pyrolysis. The pot has a lid 
with a 1mm hole in the middle to allow gaseous volatile removal during pyrolysis. The slow 
pyrolysis was performed in an electrical muffle furnace (Figure 3.3 c) supplied by Nabertherm 
GmbH, Bremen, Germany. 

        

Figure 3.3: a) Oven, b) the pot inside which pyrolysis was performed, c) Muffle Furnace. 

a) b) 

a) c) b) 
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RH was pyrolyzed under slow pyrolysis conditions [30]. Accordingly, 200 g RH in the pot 
covered with lid was slow pyrolyzed in the muffle furnace. Pyrolysis was performed at four 
different temperatures 400, 550, 700, and 8500C, while the heating rate was 100C per minute. 
The temperature of the furnace was kept stable for 1 hour after reaching the target temperature to 
ensure the completion of the slow pyrolysis process. After pyrolysis for an hour, the biochar was 
allowed to cool down inside the furnace overnight. Figure 3.4 is the schematic representation of 
the slow pyrolysis process performed to produce RHB. 

 

 

 

 

       

 

Figure 3.4: Slow pyrolysis of rice husk. 

The produced RHB was taken out next day and subjected to grinding by a porcelain mortar and 
pestle to obtain fine powder of RHB. The grinding was done by hand for 2 hours with 10 
minutes interval after every 30 minutes. Figure 3.5 presents RH before and after slow pyrolysis 
and the hand grinding RHB by a porcelain mortar and pestle. 

       

Figure 3.5: a) Dry RH before pyrolysis, b) rice husk biochar (RHB)  
c) Grinding of RHB 

After completion of the grinding process, the RHB fine powder was stored inside an airtight 
plastic jar. Following the process mentioned above, biochar prepared at four different 
temperatures were ground and stored in four different jars for characterization and application in 
the composites. The jars were labeled as RHB400, RHB550, RHB700, and RHB850, where 

a) b) c) 

Holding Time: 1 hr 

Heating rate: 
100C/min 
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RHB stands for rice husk biochar and the digits reveal the pyrolysis temperature of the RH. RHB 
stored in labeled plastic jars is shown below in Figure 3.6. 

 

Figure 3.6: RHB fine powder stored in labeled jars. 

The schematic presentation of the entire rice husk derived biochar powder production process is 
given in Figure 3.7 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Flowchart of RHB powder preparation. 

Rice Husk 

Cleaned and sun-dried 

Dried in oven at 1100C for 2 hrs 

Slow Pyrolysis at different 
temperatures (400, 550, 700 & 8500C) 

at a heating rate of 100C per minute 

Grinding by Mortar and pestle 

Rice Husk Biochar (RHB) 

RHB Fine Powder 

Bio-oil 
& 

Syngas 

Volatile Fume 
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3.3 Composite Fabrication 

The components of the composites were mixed together by melt blending machine and then 
formed into composite sheets using a hot press. A total of eight composites were developed in 
this study. 10 wt% and 15 wt% of each four biochar were mixed with PP individually and thus, 
eight different composite samples were fabricated. Table 3.2 demonstrates the name of the 
composites and the wt% of constituents present in the composites. 

Table 3.2: Name and constituents of the developed composites 

Biochar Used RHB Content 
(wt%) 

PP resin Content 
(wt%) 

Composite sample 
Name 

RHB400 10 90 PP-10RHB-400 
15 85 PP-15RHB-400 

RHB550 10 90 PP-10RHB-550 
15 85 PP-15RHB-550 

RHB700 10 90 PP-10RHB-700 
15 85 PP-15RHB-700 

RHB850 10 90 PP-10RHB-850 
15 85 PP-15RHB-850 

Details of the melt blending and hot pressing during the composites fabrication process are being 
described below in section 3.3.1 and 3.3.2. 

3.3.1 Melt Blending 

For melt blending of RHB powder with PP, an internal mixer (Figure 3.8) was used, which is a 
small polymer melting and mixing unit designed to meet the purpose of scientific research 
works. The advantage of this internal mixer unit is that it can mix the polymeric materials 
uniformly within a controlled temperature environment. The controllable temperature range of 
this unit is between 0 and 450°C, while the rotational speed reaches up to 60 rpm.  

 

Figure 3.8: Internal mixer unit. 

Prior melt blending, required amounts of PP resin and RHB powder were weighted by a 
precision balance and dried in an oven for 2 hrs at 1100C. Then the dried RHB and PP were 
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transferred inside the preheated internal mixer chamber at 1700C and the mixing was started at 
35 rpm for 10 minutes. After 10 minutes the temperature of the internal mixer was raised to 
1900C and the second mixing session of another 10 minutes at 35 rpm was done. Mixing the 
composite in two seasons was found to improve the dispersion of RHB particles into the PP 
matrix. Finally, the mixed composite was brought out from the mixing chamber and subjected to 
the next processing step. Figure 3.9 shows a composite sample after mixing when it was not hot-
pressed yet. 

 

Figure 3.9: Composite sample after melt blending. 

3.3.2 Hot Press Molding  

The identical shape is important to compare the properties of the developed composites. To 
mould the composites into identical sheet form (150 mm × 150 mm × 2 mm), hot molten 
composite as obtained from the internal mixer was transferred into an aluminium mold (Figure 
3.10 a) and hot pressed in Fontijne hydraulic compression hot press machine (Figure 3.10 b). The 
Fontijne hydraulic hot press has a fixed upper platen and movable lower platen with induction 
coil type heating system and water supply system for cooling.  The mold was placed between the 
platens and a pressure of 30 kN was applied. Initially, the temperature was raised to 1700C and 
kept there for 5 minutes. Then the temperature was increased to 1900C and kept steady for 
another 5 minutes. Then the composite sample was allowed to solidify by turning the water 
supply system at the same pressure. After cooling pressure was released, the composite sheet was 
taken out and stored in a sealed plastic bag for characterization. 

      

Figure 3.10: Hot press molding a) aluminium mold, b) Fontijne hydraulic hot press machine. 

It is important to mention that the aluminium mold was cleaned properly and silicon spray was 
applied to ensure the easy release of composite from the mold. The above mentioned process was 
applied to fabricate composite sheets of all eight samples. Finally, a 100% PP polymer sheet was 

a) b) 
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also prepared by the same procedure and named 100PP to compare the properties of developed 
composites with PP sheet. Figure 3.11 presents the image of the developed PP and composite 
sheet. 

      

Figure 3.11: Hot pressed sheet of a) PP, b) RHB reinforced PP composite. 

The schematic illustration of the composite fabrication process is presented below in Figure 3.12. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Flowchart of RHB reinforced PP composite preparation. 

3.4 Characterization of RHB 

Properties of the RHB were characterized to better understand the effect of pyrolysis temperature 
on the char quality and its effect on composites.  

a) b) 

RHB Powder 

Dried in oven at 1100C for 2 hrs 

Mixed in an internal mixer at 1900C 
and 35 rpm 

Hot pressed at 1900C and 30 kN 
pressure to form 150 × 150 × 2 mm 

sheet 

RHB reinforced PP composite 

PP Resin 
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3.4.1 Biochar Yield 

The yield of rice husk derived biochar was determined from the initial weight of the dry 
feedstock and the final weight of the biochar sample [138]. The calculation is as follows: 

     ( )   
            ( )

                           ( )
      

3.4.2 Proximate Analysis and pH 

The proximate analysis was performed to measure volatile matter (VM) and ash content. The 
contents of VM and ash were determined using the ASTM D3172 – 13 method [139]. VM 
content was determined as weight loss after heating a certain amount of moisture-free RHB in a 
covered crucible to 9500C and holding for 7 min. The calculation is as follows: 

          
              

             
         

Ash content was determined as weight loss after combustion at 7500C for 6 hr with no ceramic 
cap. The calculation is as follows: 

           
                 

             
         

Fixed C content was calculated by the following equation: 

Fixed Carbon % = 100% − (% Ash + % VM) 

The RHB sample was soaked in distilled water at a 1:5 biochar/water ratio and stirred for 30 
minutes at room temperature [138]. The pH was observed using a digital pH meter (HANNA 
Microprocessor pH meter, model: pH 211). The pH measurement process of RHB is presented 
below in figure 3.13. 

    

Figure 3.13: pH test- a) Solution preparation, b) pH measurement of RHB. 

a) b) 
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3.4.3 Morphological Characterization 

3.4.3.1 Optical Microscopy 

Optical microscopy is a very useful tool to examine the morphology and surface structure of 
materials. The technique basically developed in metallography was found to be useful for 
examining metals, ceramics, polymers, and other organic/inorganic solid materials. Clean RH, 
pyrolyzed RHB and RHB powder was firstly examined by the means of an optical microscope 
(OPTIKA microscopes, Italy) as presented in Figure 3.14. The micrographs are discussed in the 
Results and Discussion section. 

 

Figure 3.14: Optical microscope 

3.4.3.2 Scanning Electron Microscopy (SEM) 

The morphology and microstructure of RHB were also characterized by using Scanning Electron 
Microscope (ZEISS, Germany) at the acceleration voltage of 5.00 kV. Prior to scanning, RHB 
was placed on a disc and held in place using a double-sided carbon tape, then coated with gold 
particles via sputtering technique. Since RHB is not highly conductive, the thin gold coating 
helps to avoid sample charging. The model of the microscope was EVO 18 Research. 

3.4.4 Energy Dispersive X-Ray (EDX) Analysis  

Surface element analysis of RHB was conducted simultaneously with the SEM at the same 
surface locations using energy dispersive X-ray (EDX) analysis. The Zeiss, EVO 18 Research 
scanning electron microscope was coupled with an EDX system (ZEISS Smart EDX). The EDX 
can provide rapid qualitative, or with adequate standards, semi-quantitative analysis of elemental 
composition with a sampling depth of 1-2 microns [44]. 
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3.4.5 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared (FTIR) analysis of the RHB samples was carried out to characterize 
the surface organic functional groups. To obtain the observable FTIR spectra, RHB was ground 
and mixed with KBr to 0.1 wt.% and then pressed into pellets. The spectra of the samples were 
measured using a Cary 630 FTIR spectrometer from Agilent Technologies (Figure 3.15). The 
FT-IR spectra of the samples were recorded between 650 and 4000 cm-1, using 32 scans at a 
resolution of 8 cm-1. 

 

Figure 3.15: Cary 630 FTIR spectrometer. 

3.4.6 Thermogravimetric Analysis (TGA) 

The thermal stability evaluation of the RHB samples was performed by a thermogravimetric 
analyzer (TA instrument TGA Q50, model: V6.4 Build 193). Approximately 20 mg of biochar 
was weighed into an alumina crucible and was subjected to a thermogravimetric analysis from 
room temperature to 8000C at the heating rate of 100C min−1 and in a nitrogen flow rate of 50 
mL·min−1. TGA with DTG (Derivative thermogravimetry) curves of RHB samples were 
obtained to better understand the thermal degradation and number of degradation steps. 

3.4.7 Differential Scanning Calorimetry (DSC) 

Further thermal analysis of RHB was done by differential scanning calorimetry (DSC). DSC 
analysis of RHB was performed with a DSC131 EVO analyzer (SETARAM Instrumentation). 
About 20 mg of the ground and dried RHB sample in an aluminum pan was heated from room 
temperature to 600°C and at the heating rate of 10°C min−1. The heat flow to or from the sample 
was monitored as a function of temperature during the heating. N2 with a flow rate of 50 mL 
min−1 was used as flushing gas. 
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3.5 Characterization and Testing of RHB Reinforced PP Composite 

The fabricated RHB reinforced PP composite sheets were tested and characterized according to 
test methods defined by the world‘s reputed standards developing organizations, such as the 
American Society for Testing and Materials (ASTM), The International Organization for 
Standardization (ISO), etc. A standard testing method makes comparing a certain property 
present in different materials more meaningful and the use of similar language to communicate 
possible.  

3.5.1 Mechanical Properties Test 

When a new material is developed, usually mechanical properties are evaluated first to analyze 
the material‘s specifications. Mechanical properties such as tensile strength, flexural strength, 
and hardness of the developed composites were tested according to standard test methods as they 
were described below in consecutive sections and evaluation of properties by comparing with PP 
sheet was also performed. 

3.5.1.1 Tensile Test 

Tensile properties (i.e. strength, modulus, and elongation) data are very useful to compare 
different types of plastic materials. Tensile tests were carried out according to ASTM D 638-03 
[140] using a universal testing machine (Instron UTM machine, USA, max. capacity 50 kN). The 
crosshead speed of the machine was 5 mm/min and tests were continued until tensile failure. 
Tensile test specimens were cut from the fabricated composite sheets according to ASTM D 638-
03 instructions (Figure 3.16).  

    

Figure 3.16: Tensile test specimens a) specimen measurements, b) prepared specimens 

The prepared specimens were subjected to the tensile test according to followed steps: 

I. The thickness and width of the gauge length of the specimen were measured. 
II. The specimen was placed in the grips of the UTM machine. 

a) b) 
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III. The crosshead speed was set to 5 mm/min and continued until the specimen failed under 
tension. 

IV. Obtained data was recorded and the ultimate tensile strength (σ) was calculated using the 
following formula: 

                         ( )   
              (           )

                   (        )
     

The tensile strength of the developed PP sheet was also measured by the same technique. 

3.5.1.2 Flexural Test 

The flexural test is a measurement of the materials stiffness or resistance to bending when a force 
is applied perpendicular to the long edge of a sample. The three-point method and the four-point 
method are the two basic test methods. The three-point flexural test was performed on the 
composite samples following the ASTM D 790 – 03 standard test method [141]. Accordingly, 
the support span shall be 16 times the thickness of the beam. Specimens that have 3.2 mm or less 
thickness shall be 12.7 mm in width. As the thickness of the composite sheets was 2 mm, so the 
support span distance was 32 mm and the specimen width was 12.7 mm as shown in Figure 3.17. 

     

Figure 3.17: Flexural test specimens a) specimen measurements, b) prepared specimens. 

I. The thickness and width of the specimen were measured. 
II. The UTM machine was calibrated and the specimen was set in such way so that the axis 

of the cylindrical surfaces was parallel and the loading nose was midway between the 
supports. 

III. The load was applied to the specimen at the specified crosshead motion and 
simultaneously load-deflection data was taken till rupture occurred at the outer surface of 
the test specimen. 

IV. The flexural strength was calculated by the following equation: 

                 (  )   
   

    
      

Where, F= load (N) 
L = support span distance (mm) 

a) b) 
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b = width of beam (mm) 
d = depth of beam (mm) 
Flexural strength test of the developed PP sheet was also carried out by the same technique. 

3.5.1.3 Hardness Test 

The hardness of the developed composites and 100PP sheets were measured by a Shore 
Durometer hardness testing machine (Figure 3.18). The Shore Durometer hardness test method is 
based on the penetration of a specific type of indentor when forced into the material under 
specified conditions. The indentation hardness is dependent on the viscoelastic behavior and 
elastic modulus of the material and is inversely related to the penetration. This test provides an 
empirical test value that doesn't necessarily correlate well to other properties or fundamental 
characteristics. Thus, no simple relationship exists between indentation hardness determined by 
this test method and any fundamental property of the material tested. Among the existing Shore 
hardness scales, Shore A and D scales are the most commonly used. The Shore A scale is 
preferred for softer plastic materials, while the D scale is usually for harder ones. Shore D 
hardness of the composites was measured according to ASTM D2240 – 15 protocols [142].  

    

Figure 3.18: Hardness test a) Shore D Durometer, b) test specimens. 

3.5.2 Morphology and Structure 

Morphological analysis of the fabricated composites was done by a field emission scanning 
electron microscopy (FESEM) and the effect of RHB particles on the crystal structure of PP 
resin was studied by an X-ray diffraction (XRD) analyzer as described below. 

3.5.2.1 Scanning Electron Microscopy (SEM) 

The SEM image of the tensile fracture surface of the composites was carried out to understand 
the surface morphology of the composites and investigate the tensile fracture patterns. The 
scanning electron microscope used was ZEISS EVO 18 Research (Figure 3.19) and the tests 
were carried out at 5.00 kV acceleration. Prior to scanning, the composite specimen was placed 
on a disc and held in place using a double-sided carbon tape then coated with gold particles via 
sputtering technique to avoid sample charging. 

a) b) 
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Figure 3.19: ZEISS EVO 18 Research Scanning Electron Microscope. 

3.5.2.2 Energy Dispersive X-Ray (EDX) Analysis  

To investigate the existence of RHB particles in the PP matrix, EDX analysis simultaneously 
with the SEM was conducted at the same surface locations. The Zeiss, EVO 18 Research 
scanning electron microscope was coupled with an EDX system (ZEISS Smart EDX). The EDX 
can provide rapid qualitative, or with adequate standards, semi-quantitative analysis of elemental 
composition components present in the composite‘s surface [44]. 

3.5.2.3 X-Ray Diffraction (XRD) 

X-Ray Diffraction (XRD) is a non-destructive analytical method used to investigate the structure 
of crystalline materials. XRD analysis is performed to identify the crystalline phases present in a 
material and thereby reveal chemical composition information. Moreover, XRD is a prime 
technique to determine the degree of crystallinity in polymers and polymeric composites. X-ray 
diffraction (XRD) analysis was done by the Emma (enhanced mini-materials analyser) X-Ray 
Diffractometer (Figure 3.20) from GBC Scientific Equipment, with scattering angle 2θ scanned 
from 10° to 80° at 30 kV using Cu Kα radiation.  

 

Figure 3.20: The Emma (enhanced mini-materials analyser) X-Ray Diffractometer. 
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3.5.3 Thermal Properties Test 

Thermal properties of the developed composite sheets were measured by the means of 
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) tests as described 
in section 3.5.3.1 and 3.5.3.2 below. 

3.5.3.1 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a useful technique to determine a material's thermal 
stability and the fraction of volatile components present in a material by monitoring the weight 
change that occurs as a sample is heated at a constant rate. The TGA analysis of the composite 
sheets was performed to study the effect of RHB particle‘s presence on the thermal stability of 
PP matrix and thermal degradation rate of the composite at different temperatures. TGA test was 
carried out on about 20 mg RHB reinforced PP composite at a heating rate of 10°C/min in a 
nitrogen atmosphere using a Thermo-gravimetric Analyzer (TA instrument TGA Q50, model: 
V6.4 Build 193) (Figure 3.21). TGA test started at room temperature and the end temperature 
was 550ºC.  

 

Figure 3.21: TGA Q50 Thermo-gravimetric Analyzer. 

3.5.3.2 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a thermo-analytical technique in which the variation 
of heat requirements to raise the temperature of a sample compared to a reference is measured as 
a function of temperature. It is an effective technique to investigate the response of polymeric 
composites to heating. DSC can be used to study the melting temperature (Tm) and the glass 
transition temperature (Tg) of polymers and polymeric composites. DSC analysis of fabricated 
composites was performed with the DSC131 EVO analyzer from SETARAM Instrumentation 
(Figure 3.22). About 20 mg of composite sample in an aluminum pan was heated from room 
temperature to 3000C and at the heating rate of 100C min−1. The heat flow to or from the sample 
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was monitored as a function of temperature during the heating. N2 with a flow rate of 50 mL 
min−1 was used as flushing gas. 

 

Figure 3.22: Differential scanning calorimeter (DSC131 EVO). 

3.5.4 Impedance Analysis (IA) 

The impedance analysis (IA) was performed using a Precision Impedance Analyzer, 6500B 
series from Wayne Kerr Electronics, UK (Figure 3.23 a). The impedance analysis was conducted 
to measure the impedance (Z) and resistance (R) of the fabricated composites and compare them 
with the impedance (Z) and resistance (R) of the 100PP sheet. The tests were carried out at 180C 
and the applied frequency was 100 Hz. The dimensions of the test specimens were 20 mm × 20 
mm × 2 mm (Figure 3.23 b). 

   

Figure 3.23: Impedance analysis- a) Precision Impedance Analyzer, 6500B series, 
b) Test specimens. 

 

 

 

a) b) 
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4.1 Evaluation of RHB Characteristics 

4.1.1 Biochar Yields and pH 

The yield of RHB decreased as the pyrolysis temperature increased from 400-850°C. The highest 
biochar yield of 47.07% was obtained from the slow pyrolysis of rice husk at 400°C (RHB400) 
and the lowest yield was 34.54% at 850°C (RHB850). Figure 4.1 shows the yield of rice husk 
derived biochar (RHB) at different pyrolysis temperatures.  

 

Figure 4.1: Biochar yield at different pyrolysis temperatures. 

A large decline of biochar yield was observed between 400 and 550°C but the reduction in yield 
between 550 and 850°C was little. The pyrolysis temperature range of 400 to 850°C was chosen, 
because the related previous study investigation had shown that at around 300°C conversion of 
the feedstock to biochar was poor and at above 850°C the biochar yield was decreased 
dramatically due to high decomposition of volatile materials and intermediate melt in the biochar 
structure [143]. Demirbas, in a study, found that the biochar yield depends on the destructive 
reaction of the cellulose and polymerization process of biochar [144]. Moreover, the reduction of 
biochar yield with increasing pyrolysis temperature can be due to either greater primary 
decomposition of feedstock (rice husk) or secondary decomposition of the biochar 
(lignocellulosic residue) at higher temperatures [145]. As the pyrolysis temperature increases, the 
final solid residue decreases, as a result of the competition between charring and de-volatilization 
reactions, of which the latter is more favored [143]. 

The synthesized biochar samples were alkaline (pH > 7) in nature and the pH of RHB increased 
from 7.17 to 9.71 when the pyrolysis temperature escalated from 400 to 8500C (Figure 4.2).  
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Figure 4.2: pH of 1:5 wt% of RHB/water solution containing RHB pyrolyzed at four different 
temperatures. 

Minerals that are contained in the rice husk separates from the organic matrix during pyrolysis. 
The separation of the organic compound (carbon) and inorganic compounds (alkali elements) in 
the biochar increases with increasing pyrolysis temperature, which can significantly increase the 
pH value of RHB [143]. On the other hand, minerals begin to separate from the organic matrix 
when ashes are formed at pyrolysis temperatures above 3500C [146] causing an increase in pH 
values of RHB. 

4.1.2 Micrographs of RHB 

4.1.2.1 Optical Micrograph 

To get a better view of rice husk and RHB optical micrograph at 40 times magnification was 
obtained. Figure 4.3 shows the optical image of rice husk and its biochar. 

   

Figure 4.3: Rice husk a) before pyrolysis, b) after pyrolysis (RHB). 
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Rice husk has a rough surface with small spikes [147]. Pyrolysis of rice husk produced good 
quality biochar as there is no sign of rice husk portions that were not pyrolyzed. Moreover, 
significant ash formation is not observed.  

Micrograph of ground RHB was also obtained at 40 and 1000 times magnification as presented 
in Figure 4.4.  

    

Figure 4.4: RHB after grinding a) ×40, b) ×1000. 

RHB powder with fine particle size is obtained after grinding as observed from the figure (figure 
4.4 a). The optical micrograph at 1000 times magnification is not very clear but a better 
understanding of particle size can be obtained (figure 4.4 b). RHB particles having a diameter 
less than 50 μm were observed. 

4.1.2.2 SEM Analysis 

Surface morphology of RHB samples (RHB400, RHB550, RHB700, and RHB850) were further 
investigated by obtaining SEM micrographs at different magnifications. The rice husk biochar 
shows an obviously porous structure, with varied pore size and shape. Figure 4.5 presents the 
typical morphology of RHB400 at 1000 times magnification. The lignocellulosic residue, pore 
structure and spike in the surface can be observed in the RHB400 sample, which are some 
common features of rice husk derived biochar [147]. The porous structure of RHB400 is clearly 
seen in the SEM micrograph, exposing a variety of shapes in the macro-pores, and micro-pores. 
The biochars contain tissue that was not fully decomposed; hence the pores were not fully 
developed [143]. The outer surface of RHB400 is compact and has a corrugated structure. On the 
other hand, the inner part has a porous structure. Thus, the morphology is different for the outer 
and inner surfaces of rice husk derived biochar. According to the study done by Deshmukh et al. 
[138], most of the silica was present in the outer epidermal cells of rice husk and after pyrolysis, 
the silica obtains a highly porous structure with large internal surface area. 
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Figure 4.5: SEM micrograph of RHB400. 

Figure 4.6 presents the SEM image of RHB550 at 1000 times magnification. The rice husk has 
broken up during the thermal decomposition of organic lignocellulosic materials, thus leaving a 
highly porous structure [143]. The structure of RHB550 has a higher degree of porosity than that 
of RHB400. The generation of pores with varying size and structure indicates that a large amount 
of organic compounds might be driven off during pyrolysis. Moreover, the presence of 
lignocellulosic residue is less evident in the micrograph. 

 

Figure 4.6: SEM micrograph of RHB550. 

SEM image presented in Figure 4.7 illustrates the morphology of RHB700 is at 1000 times 
magnification. At 700°C, the morphology of the biochar became a honeycomb-like structure 
with cylindrical holes. The micrographs of the biochar show many pores formed over the surface 
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and they are arranged in an orderly fashion. According to Guo et al. [149] properly arranged pore 
structures of biochars possess high surface area and adsorptive capacity. 

 

Figure 4.7: SEM micrograph of RHB700. 

Finally, Figure 4.8 presents the SEM micrograph of RHB850 at 10000 times magnification for 
better understanding of the structure. The RHB850 had a loose and porous shape. Fine materials 
around the outer surface of the pores could be observed falling down and closing the pores. 
These materials were mainly silicon and calcium minerals as evident by the EDX spectrum 
[143]. Cracks and shrinkages could be observed on the surface of the biochar due to high 
temperature. RHB pyrolyzed at 850°C has highly porous, hollow, and well-arranged structures 
(Figure 4.8). The macro-pores of the char are interconnected by micro-pores. The structures 
seemed to be fragile because of their thin walls.  

 

Figure 4.8: SEM micrograph of RHB850. 
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All the biochar samples exhibited clear porous characteristics and the voids development. At 
higher pyrolysis temperatures, the structure of RHB became more ordered because the number of 
micro-pores decreased while the number of macro-pores increased. A large number of pores 
lengthwise and crosswise in the rice husk biochar might be able to strengthen the interface with 
the polymer matrix, due to the ultrahigh surface area, providing the possibility of the preparation 
of biochar-based polymeric composites. Highly porous rice husk biochar has the potentiality to 
strengthen the interface with the polymer matrix [150]. 

4.1.3 Proximate Analysis 

Proximate analysis of the biochar samples was performed according to ASTM D3172 – 13 test 
method. Table 4.1 presents the proximate analysis results of RHB samples as a function of 
pyrolysis temperature. The results showed that the ash content of RHB increased with increasing 
pyrolysis temperature. This was because increased devolatilization during pyrolysis at higher 
temperatures resulted in biochar with an increased amount of non-volatile matter. The percentage 
of ash content was 35.06, 39.19, 43.79, and 45.60% for RHB400, RHB550, RHB700, and 
RHB850, respectively. In general, the increased ash content is due to the reduction in the content 
of other elements during pyrolysis. Elements such as C, H, N, O, and S are volatilized during 
heating while the inorganic salts such as quartz and calcite are not fully volatilized. According to 
Tsai et al. [146], the increase in ash content in the biochar with an increase in pyrolysis 
temperature is because of the progressive concentration of minerals and destructive volatilization 
of lignocellulosic matters. 

Table 4.1: Proximate analysis data for RHB samples produced at four different temperatures  

Sample Ash Content 
(%) 

Volatile Matter 
(%) 

Fixed Carbon 
(%) 

RHB400 35.06 22.97 36.66 

RHB550 39.19 17.33 38.16 

RHB700 43.79 11.24 37.14 

RHB850 45.60 9.91 36.62 

The content of volatile matter (VM) for the prepared biochar samples ranged from 9.91% to 
22.97%. An increase in the pyrolysis temperature decreased the content of VM, exhibiting a 
similar trend with the biochar yield. This might due to the fact that the increasing temperature 
resulted in the further crack of the volatile fractions into low molecular weight gases and liquids 
instead of biochar [138]. Meanwhile, the dehydration of hydroxyl groups and thermal 
degradation of cellulose and lignin might also occur with the increasing pyrolysis temperature 
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[143]. These results confirmed that the increase in temperature enhanced the stability of biochar 
for the loss of volatile fractions [138].  

The fixed C content of RHB increased with pyrolysis temperature due to increasing 
concentrations of the volatile matter being released. However, the amount of fixed C increased 
up to 550°C but not at higher temperatures (table 4.1). This confirmed the observations of Jindo 
et al. [151]. The slight reduction of fixed C in the RHB700 and RHB850 might be due to the 
dehydration of hydroxyl groups and the thermal degradation of carbonaceous materials at higher 
pyrolysis temperatures [143]. 

4.1.4 SEM-EDX Analysis 

EDX images of RHB samples at their marked specific area surface constituents are shown in 
Figure 4.9. 
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Figure 4.9: EDX spectra of rice husk biochar samples a) RHB400, b) RHB550, c) RHB700, and 
d) RHB850. 

According to the EDX data, carbon (C) was the major element (>50 wt%) in all RHB samples. 
Next to C, oxygen (O) and silicon (Si) were the prominent elements in all the RHB samples with 
small amounts of calcium (Ca), zinc (Zn), and magnesium (Mg). In addition, K, Al, and P were 
present, though in a very small quantity. The highest Si presence of 17.75 wt% was obtained in 
the RHB850, and with increasing pyrolysis temperature the spectra of metals (Ca, Zn, and Mg, 
etc.) were observed to emerge revealing enrichment of inorganic constituents in the biochar at 
higher temperatures. Maximum Ca concentration of 0.76 wt% was recorded in RHB850, while 
the highest Zn concentration (0.59 wt%) was found in RHB550. Table 4.2 illustrates the major 
elements of RHB samples and the change of elemental concentration in RHB as a function of 
pyrolysis temperature.  
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Table 4.2: Major elements of RHB prepared at different temperatures 

Sample C  
(wt %) 

O 
(wt %) 

Si 
(wt %) 

RHB400 55.27 31.67 11.81 

RHB550 57.86 27.45 13.37 

RHB700 56.63 26.72 15.27 

RHB850 54.94 25.80 17.75 

The C concentration in the RHB samples initially increased with pyrolysis temperature due to the 
increasing valorization of volatile matter. But, the amount C exhibited a decreasing trend after 
550°C because of the thermal decomposition of carbonaceous materials at higher pyrolysis 
temperatures [143]. Fixed C content results in the proximate analysis also followed the same 
trend (Table 4.1). The O concentration was found to decrease with increasing pyrolysis 
temperatures. This might be due to the dehydration of various groups present in the 
lignocellulosic residue of the biochar [138]. In contrast, the concentration of Si in the RHB 
increased with rising pyrolysis temperatures. According to proximate analysis results, ash 
content increases with increasing pyrolysis temperature (Table 4.1) and Si in the form of silica 
remains in the residue when rice husk is thermally decomposed [147,152]. This could be the 
prime reason behind increasing Si concentration at higher pyrolysis temperatures. 

4.1.5 FTIR Analysis  

FTIR (Fourier Transform Infrared) spectroscopy was performed to determine the functional 
groups of the developed RHB, while simultaneously gaining an insight into the changes in 
chemical reactions due to various pyrolysis temperatures. The FTIR spectra of rice husk biochars 
produced at four pyrolysis temperatures are presented in Figure 4.10. 
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Figure 4.10: FTIR spectra of biochar samples- a) RHB400, b) RHB550, c) RHB700, and d) 
RHB850. 
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The FTIR spectra showed various remarkable bands. The band at between 3750 cm-1 and 3200 
cm-1 correspond to –OH stretching from phenols and alcohols, which indicates dehydration of 
cellulose and lignin [153]. The broad band at around 2113 cm−1 was assigned to the stretching 
vibration of C≡N from nitrile [155]. The peaks at 1990.4 cm-1 were assigned to stretching 
vibration of C≡C from alkyne [155]. The band at 1780 cm-1 to 1680 cm-1 was presented as the 
stretching vibration of C=O from the carboxyl and carbonyl groups [153]. The transmittance 
peak at the wavenumbers of 1650 cm-1 to 1450 cm-1 was the stretching vibration of the C=C 
benzene ring skeleton mainly from aromatics [156]. The peak at 1420 cm-1 to 1380 cm-1 can be 
assigned to C-O stretching vibration from phenols [154]. A sharp peak at 1088 cm-1 to 1028 cm-1 

was observed in all samples. This corresponds to the asymmetric stretching vibration of Si-O-Si 
bridges in SiOx and the relatively weak band at 798 cm-1 to 778 cm-1 observed in all samples was 
related to the symmetric stretching vibration of Si-O-Si present in silica [156,157]. The band 
assignments for all RHB samples are summarized in Table 4.3. 

Table 4.3: Peak position of functional groups observed in the FTIR spectra of RHB samples 

Wave Number (cm−1) Characteristic Vibrations Reference 
3675.2 - 3186.9 Stretching vibration of O-H from phenols and alcohols [153] 
2657.6 - 2623.9 Stretching vibration of O-H from carboxylic acid [154] 
2340.8 - 2325.9 Stretching vibration of =C=O from ketene [154] 
2113.4 - 2109.7 Stretching vibration of C≡N from Nitrile [155] 

~ 1990.4 Stretching vibration of C≡C from alkyne [155] 

1774.2 - 1699.7 Stretching vibration of C=O from carboxyl and 
carbonyl groups [153] 

1595.3 - 1558.0 Stretching vibration of C=C benzene skeleton mainly 
from aromatics [156] 

1423.8 - 1397.8 Stretching vibration of C-O from phenols [154] 

1088.0 - 1028.7 Asymmetric stretching vibration of Si-O-Si [156,157] 

797.7 - 779.0 Symmetric stretching vibration of Si-O-Si [156,157] 

Different spectra reflected changes in the surface functional groups of RHB produced at different 
temperatures. This result is likely due to the degradation and depolymerization of cellulose, and 
lignin [143]. For example, intensities of C=C and C=O stretching vibration changed with 
temperature and peaks of C-O stretching vibration from phenols disappeared which may suggest 
that phenolic and carboxylic compounds in lignin had been degraded [138]. On the other hand, 
intensities of peaks from symmetric and asymmetric stretching vibration of Si-O increased with 
increasing pyrolysis temperature which indicates that Si compounds (mainly silica) in RHB have 
increased [157] and it is well agreed with the EDX results presented in Table 4.2.  
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4.1.6 Analysis of Thermal Properties 

4.1.6.1 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) curves for all four 
biochars are presented in Figure 4.11. 

   

   

Figure 4.11: TGA with DTG curves of biochar samples- a) RHB400, b) RHB550, c) RHB700, 
and d) RHB850. 

During thermal degradation in the TGA process, two-stage weight losses were observed (green 
lines), which was also implied by the DTG curves (blue lines). The mass loss occurred close to 
1000C, suggesting that this reduction in weight commonly associated with the removal of the 
initial moisture and volatiles of the samples [158]. After the initial mass loss, the main weight 
loss started at around 2750C, 3250C, 3500C, and 4100C for RHB400, RHB550, RHB700, and 
RHB850 respectively, and the weight loss occurred over a wide temperature range. This was 
likely due to the fact that the prepared biochars had undergone a previous heat treatment process 
before the thermal analysis, thus, the tested biochar samples exhibited higher thermal stabilities 
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with increasing pyrolysis temperatures [138]. For each of the tested RHB samples, only one peak 
was found during the main weight losses on the DTG curves (blue lines). In general, if the 
testing temperature exceeds the biochar preparation temperature, then a secondary pyrolysis 
reaction could be observed and easily detected [158]. Thus, the weight loss over a wider 
temperature range might be attributed to the decomposition and degradation of organic materials 
[159]. The maximum weight loss occurred at around 4250C, 4500C, 5000C, and 5400C for 
RHB400, RHB550, RHB700, and RHB850 respectively, suggesting that the higher the pyrolysis 
temperature was, the better thermal stability the biochar showed, which is consistent with the 
literature [138]. The biochars pyrolyzed at lower temperatures were less thermally stable than the 
higher temperature derived biochars, probably because they were not fully carbonized [159]. At 
around, 750-8000C the decomposition for all the RHB samples finished, and the curves became 
stable. 

4.1.6.2 DSC Analysis 

To further investigate the thermal properties of RHB, DSC tests were carried out. Figure 4.12 
shows the DSC curves for all biochar samples. 

 

Figure 4.12: DSC curves of a) RHB400, b) RHB550, c) RHB700, and d) RHB850. 

 The first peak present in the DSC curves of all RHB samples appeared around 1100C as an 
endothermic peak was due to the evaporation of moisture [160]. After the initial endothermic 
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peak, the DSC curves exhibited an exothermic peak in the temperature range of 230-5400C, 
which was due to the decomposition and combustion of organic materials [161]. According to 
Brebu et al. lignin decomposes slowly over a wide temperature range (200-5000C) than cellulose 
and the hemicellulose components of biomass [162]. Thus the unpyrolyzed lignocellulosic 
residues in the biochar showed an exothermic peak during DSC heating and this peak 
considerably decreased in the RHB pyrolyzed at higher temperatures, indicating that organic 
residues had degraded due to pyrolysis [163]. The DSC curve of RHB400 exhibited a broad 
exothermic peak at the temperature range of 230-3900C, indicating the higher presence of 
lignocellulosic residue in the biochar. In the DSC curves of RHB550, RHB700, and RHB850 the 
intensity of the exothermic peak gradually decreased, indicating that the amount of 
lignocellulosic residue in biochar decreased with increasing pyrolysis temperatures. Moreover, 
the exothermic peak consistently moved towards higher temperatures with increasing pyrolysis 
temperatures. This demonstrates that RHB pyrolyzed at higher temperatures undergo thermal 
decomposition at higher temperatures. As a consequence, biochars produced at high 
temperatures could be more stable and resistant to thermal degradation [161,163]. This 
observation is well agreed with the TGA results discussed in the previous section. 

4.2 Characteristics and Properties of RHB Reinforced PP Composite 

A large number of factors influence the properties of a biochar reinforced polymer composite. 
The composite properties are usually dependent on matrix properties, reinforcing agent and to a 
certain extent, upon the interfacial adhesion strength [117]. The mechanical, thermal, and 
electrical properties of the fabricated RHB reinforced PP composites were characterized 
thoroughly and compared with the properties of PP for better assessment. 

4.2.1 Mechanical Properties Analysis 

4.2.1.1 Tensile Test 

The tensile strength or ultimate tensile strength refers to the maximum stress that a composite 
can withstand before failure occurs when an external force is exerted to pull the composite. The 
incorporation of particle reinforcements can modify the mechanical properties of polymeric 
composites in many ways depending on the particulate size, loading, composites microstructure, 
and the particle-matrix interfacial adhesion [133]. Similarly, the maximum strength sustained by 
composites under uniaxial tensile loading depends on the effective stress transfer between the 
matrix and reinforcements [11]. Determination of tensile strength is important for the evaluation 
of different polymers, especially for designing of plastic components for load-bearing 
applications, and for predicting the in-service performance of plastics. In that perspective, tensile 
tests of fabricated composites and PP were performed according to the ASTM D638 standard 
and the test results are shown in Table 4.4. From the tensile test results, it can be observed that 
the addition of RHB has considerably affected the tensile strength of the composites compared to 
the neat PP.  
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Table 4.4: Tensile test results of RHB reinforced PP composites 

Sample Name Sample 
No 

Tensile Strength 
(MPa) 

Average Tensile Strength 
(MPa) 

100PP 
1 33.93 

34.57 2 34.94 
3 34.85 

PP-10RHB-400 
1 24.19 

27.94 2 30.14 
3 29.48 

PP-15RHB-400 
1 29.53 

30.25 2 30.99 
3 30.22 

PP-10RHB-550 
1 25.10 

27.01 2 27.90 
3 28.03 

PP-15RHB-550 
1 30.61 

31.41 2 32.21 
3 31.41 

PP-10RHB-700 
1 24.01` 

26.74 2 28.51 
3 27.69 

PP-15RHB-700 
1 25.42 

27.17 2 29.33 
3 26.75 

PP-10RHB-850 
1 24.73 

27.22 2 27.87 
3 29.05 

PP-15RHB-850 
1 27.53 

29.03 2 30.16 
3 29.41 

The tensile strength of the RHB reinforced composites reduces upon the introduction of biochar 
particles. This may be due to the reduction in the extensibility by rigid particles and the 
formation of clusters of the PP matrix, which resulted in the increase of stress concentration 
zones and weakened the interfacial bonding strength of the sample [164]. However, for all 
biochar samples, tensile strength increased with increasing biochar content. Sound interfacial 
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bonding between the polymer matrix and the additive is crucial for the enhancement of the 
tensile strength of a composite. More RHB addition in the PP system indicates that more carbon 
content in the RHB reinforced PP composite. The porous structure of RHB (Figure 4.5–4.8) 
allowed more penetration of PP and provided more reinforcement as interlocking between RHB 
and PP increased. Hence, the tensile strength of the composites increased with increasing RHB 
content. Figure 4.13 presents the effect of RHB addition in the tensile strength of PP. 

 

Figure 4.13: Variation of tensile strength due to RHB addition. 

From the figure, the best tensile strength of 31.41 MPa was shown by PP-15RHB-550 
composite, though the value is less than that of PP. The tensile strength of biochar reinforced 
polymer composites depends mainly on the interfacial adhesion and compatibility between the 
matrix and the reinforcement which enables the transfer of a portion of stress to the reinforcing 
particles at the time of deformation [11]. RHB pyrolyzed at 5500C has the highest C content 
among the developed RHB samples (Table 4.1) and the biochar has a large amount of surface 
functional groups (FTIR results, Figure 4.10), which is necessary for the interfacial bonding 
between biochar and PP. Moreover, the porous structure of RHB550 (Figure 4.6) allowed the PP 
to infiltrate in its pores, resulting in an interlocked system between RHB550 and PP. These could 
be the reasons behind the highest tensile strength of PP-15RHB-550 composite among the 
fabricated composites. On the other hand, the varying trend of tensile strength change in the 
developed composites might be due to the difference in mixing uniformity in the fabricated 
composites [134]. 

4.2.1.2 Flexural Test 

In the flexural test, the upper half of the specimen is in compression while the lower half is in 
tension. The compressive stresses tend to close the cracks rather than opening them. Thus, cracks 
cannot easily propagate towards the compression side [2]. The flexural test results obtained for 
PP and the RHB reinforced PP composites are shown in Table 4.5. 
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Table 4.5: Flexural test results of RHB reinforced PP composites 

Sample Name Sample 
No 

Flexural Strength 
(MPa) 

Average Flexural Strength 
(MPa) 

100PP 
1 63.45 

64.06 2 66.19 
3 62.54 

PP-10RHB-400 
1 54.95 

61.26 2 69.62 
3 59.20 

PP-15RHB-400 
1 61.08 

65.90 2 68.43 
3 68.18 

PP-10RHB-550 
1 57.72 

59.07 2 61.26 
3 58.24 

PP-15RHB-550 
1 67.55 

65.02 2 60.43 
3 67.09 

PP-10RHB-700 
1 64.57 

63.09 2 67.03 
3 57.68 

PP-15RHB-700 
1 66.04 

67.13 2 67.47 
3 67.89 

PP-10RHB-850 
1 62.95 

61.34 2 63.63 
3 57.43 

PP-15RHB-850 
1 68.56 

70.61 2 69.62 
3 73.66 

From the flexure test results, it is observed that flexural strength increased as the RHB content 
increased from 10 wt% to 15 wt%. Moreover, RHB prepared at higher temperatures found to 
further improve the flexural strength of the composites. The maximum flexural strength of 70.61 
MPa was exhibited by PP-15RHB-850, which was 10.22% higher than that of PP (64.06 MPa). 
On the other hand, the lowest flexural strength value of 61.26 MPa was exhibited by PP-10RHB-
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400 and the value is 4.73% less than that of PP (64.06 MPa). The flexural strength of a particle 
reinforced composite is dependent on factors such as wetting, filler content, mixing uniformity of 
filler and matrix and particle dispersion [126]. The porous structure of RHB could allow molten 
PP to flow inside the biochar, thus, a physical/mechanical interlocking might occur. Besides, 
biochar from rice husk has lignocellulosic residue and high silica content (Table 4.1 and 4.2.), 
which could facilitate an efficient stress transfer within the composite structure [2]. For all the 
biochar samples, the flexural strength increased with an increase in the amount of biochar in the 
composite. Uniform and even dispersion of RHB particles throughout the matrix and a higher 
percentage of particles are capable to withstand higher bending stress. Therefore, biochar 
particles caused a reinforcing effect in neat PP consequently improving its flexural strength. 
Similar results were reported by Das et al. [2], and Ho et al. [164]. RHB prepared at higher 
temperatures was also found to enhance the flexural strength. The effect of biochar addition on 
the flexural strength of the composites is presented in Figure 4.14. 

 

Figure 4.14: Variation of flexural strength due to RHB addition. 

At lower RHB content (10 wt%), flexural strength of the fabricated composites was lower than 
that of PP. This was probably due to the poor load transfer between the RHB particles, as the 
content of RHB was low. As a result, stress gets accumulated at certain points of the composites 
and highly localized strains occur in the matrix, causing deterioration of flexural strength [117]. 
On the other hand, at higher RHB content (15 wt%), the composites showed excellent flexural 
strength improvements with increasing pyrolysis temperatures, where the flexural strength was 
higher than that of PP. Rice husk derived biochar prepared at higher temperatures has a lower 
amount of volatile matter and higher Si content in the silica form (Table 4.1 and Figure 4.9), 
which has the potentiality to increase the stiffness of the composites [117,121,122]. However, 
the flexural strength of the fabricated composites did not follow a common trend, which could be 
due to the lack of similarity of particle dispersion and mixing uniformity in the fabricated 
composites [164]. Biochar particles are rigid in nature with low ductility and good compressive 
strength [17]. As a result, the incorporation of RHB in the PP matrix increased the flexural 
strength but reduced the tensile strength of the fabricated composite. 
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4.2.1.3 Hardness Test 

Hardness test (Shore hardness in D scale) of the RHB reinforced PP composites and PP sheet 
was carried out using a durometer device. The shore hardness D test results are presented in 
Table 4.6.  

Table 4.6: Shore hardness (D scale) test results of RHB reinforced PP composites 

Sample Name Sample 
No 

Shore Hardness 
(D Scale) 

Average Shore 
Hardness (D Scale) 

100PP 
1 76.00 

75.50 2 75.00 
3 75.50 

PP-10RHB-400 
1 77.50 

78.33 2 79.50 
3 78.00 

PP-15RHB-400 
1 78.50 

78.83 2 79.50 
3 78.50 

PP-10RHB-550 
1 79.00 

78.83 2 78.50 
3 79.00 

PP-15RHB-550 
1 80.00 

79.50 2 79.00 
3 79.50 

PP-10RHB-700 
1 78.00 

78.17 2 79.00 
3 77.50 

PP-15RHB-700 
1 79.00 

79.00 2 79.50 
3 78.50 

PP-10RHB-850 
1 78.00 

78.33 2 79.00 
3 78.00 

PP-15RHB-850 
1 79.50 

80.00 2 80.00 
3 80.50 
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From the results, it was also observed that the hardness of the composites increased when 
biochar prepared at higher temperatures were incorporated, and the hardness (shore D) values of 
all the composites were higher than that of PP. Moreover, the Shore D hardness increased with 
increasing RHB wt% in the composites and the trend was similar for all four biochar samples. 
The incorporation of biochar particles in polymeric matrix increased the hardness, which was 
due to the stiffening behavior of particle addition [117,165]. Thus, the presence of comparatively 
hard RHB particles in the PP matrix resulted in more rigid composite systems, and the more the 
RHB content, the higher the hardness of the composite. Figure 4.15 presents the hardness of 
100PP and composites containing 10 wt% and 15 wt% of biochar prepared at different pyrolysis 
temperatures. 

 

Figure 4.15: Hardness (Shore D) of composites containing 10 wt% and 15 wt% of prepared RHB 
reinforcements at different temperatures. 

Composites with 10 wt% of RHB reinforcement exhibited better hardness than PP, maybe due to 
the inclusion of rigid particles as mentioned earlier. However, the results were very close and the 
hardness (shore D) values were between 78 and 79. The low amount of reinforcement addition 
(only 10 wt%) was not able to reveal the effect of biochar quality (due to temperature change) on 
the hardness of the composites. Incorporation of 15 wt% of RHB in composites resulted in 
further improvement of hardness than the 10 wt% biochar inclusion. Moreover, biochar 
pyrolyzed at higher temperatures found to be beneficial to improve the hardness of the 
composites. With increasing pyrolysis temperature ash and Si content of the RHB increases, 
moreover, the amount of volatile matter decreases. As a result, RHB prepared at higher 
temperatures could have more rigid particles [164]. The addition of hard reinforcing material in 
the PP matrix increased the ability to resist plastic deformation. Thus, increased rigidity of RHB 
particles with increasing pyrolysis temperature and a decrease in the inter-particle distance with 
increasing particle loading in the matrix increased the hardness of the composites. As a result, 
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highest hardness (shore D) was exhibited by PP-15RHB-850 composite which had higher 
biochar content and the biochar was prepared at the highest temperature among the RHB 
samples. Even though, the same technique was applied to fabricate every composite, ensuring 
much-defined particle dispersion pattern in every composite is very difficult. This could be the 
reason behind the varying trend of hardness change in the developed composites.  

4.2.2 Morphological and Structural Analysis 

4.2.2.1 EDX Analysis  

There were RHB-like porous particles seen on the tensile fracture surface of the fabricated 
composites. As a result, SEM-EDX was utilized to confirm that the porous particles present on 
the surface were RHB. The EDX elemental analysis of a representative tensile fracture surface is 
shown in Figure 4.16. 

 

Figure 4.16: EDX analysis of the composite- a) area of analysis, b) EDX spectra of the point 
representing RHB particle in the composite (Area 2), c) EDX spectra of the point representing 
PP matrix in the composite (Area 1). 
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Figure 4.16 (a) presents the tensile fracture surface area of the composite where the EDX 
analysis was performed. A porous structure can be seen embedded in the matrix. Figure 4.17 (b) 
is the EDX spectra of the porous particle, where the presence of C, Si, and O can be observed. 
The spectra exhibited the main elements of the RHB (according to the EDX analysis of RHB, 
Figure 4.9), ensuring that the porous particles were RHB. However, in the spectra, the C 
concentration was much higher than that of RHB, maybe due to the penetration of PP in the 
pores of RHB. Finally, the EDX spectra presented in Figure 4.17 (c) shows a high C 
concentration with a trace amount of vanadium (V). This high C concentration was probable 
from the C skeleton of PP chains, hydrogen was not detected in the EDX spectra and the 
presence of V was maybe from the catalyst residue that was used for PP resin synthesis and left 
in the PP matrix. High C concentration and presence of transition metal (Ti, V, Pt, Ni, etc.) in the 
EDX spectra of PP was also reported by other researchers [166]. 

4.2.2.2 SEM Analysis  

To study the morphology and structure of the composites, typical SEM images of the tensile 
fractured surface of PP and the composites were obtained. The RHB particles were 
homogeneously dispersed within the polymer matrix and do not tend to form agglomerates; 
besides, it can be observed that the particles were firmly embedded within the polymer matrix, 
indicating a good matrix-filler adhesion. In addition, in some composite samples, the porous 
structure of RHB was no longer observable, suggesting a partial filling of RHB porosity by PP. 
Figure 4.17 presented the SEM image of the tensile fracture surface of the PP sheet at a 
magnification of 1000 times. 

 

Figure 4.17: SEM micrograph of tensile fracture surface of PP. 

The tensile fracture surface of PP presents a rough homogeneous surface with almost no sign of 
elongation. This was because the PP resin used in this study was SABIC PP575P, which is 
specially developed for rigid injection molding applications and the polymer exhibits very low 
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elongation (Table 3.1). Now, figure 4.18 shows the SEM image of tensile fracture surface of PP-
10RHB-400 composite at a magnification of ×1000. 

 

Figure 4.18: SEM micrograph of tensile fracture surface of PP-10RHB-400. 

The image clearly revealed the spikey surface and internal porous of RHB (Figure 4.5) 
embedded in the PP matrix. The pores are filled and the filling material is most probably PP 
[133]. The RHB particle is well implanted in the PP matrix, indicating good surface adhesion 
and compatibility between RHB and PP. The SEM image of tensile fracture surface of PP-
15RHB-400 at 1000 times magnification also revealed similar results (Figure 4.19). However, 
from the image it can be seen that the central pores of RHB particle were not filled, suggesting 
that PP only filled the pores located at the surface of the RHB particle. 

 

Figure 4.19: SEM micrograph of tensile fracture surface of PP-15RHB-400. 
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The tensile fracture surface of composites containing 10 and 15 wt% of RHB550 was 
investigated in Figure 4.20 and 4.21. The SEM images were captured at 1000 times 
magnification and according to the images RHB550 also exhibited good surface bonding and 
compatibility with PP. Similar to the SEM images explained above, some pores of RHB were not 
blocked (Figure 4.20) and some others were filled most probably by PP (Figure 4.21). Thus as 
expected, the molten PP had infiltrated into the surface pores of RHB particles in the composites, 
and a physical/mechanical interlocking was formed, which is so different from fiber-polymer 
composites [126] and this is the cause for enhanced mechanical strength in the composites. 

 

Figure 4.20: SEM micrograph of tensile fracture surface of PP-10RHB-550. 

 

Figure 4.21: SEM micrograph of tensile fracture surface of PP-15RHB-550. 
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The SEM micrograph of the tensile fracture surface of the composite containing RHB700 (PP-
10RHB-700) at 1000 times magnification was presented in Figure 4.22. 

 

Figure 4.22: SEM image of tensile fracture surface of composite containing RHB700. 

The SEM image showed a porous structure of the RHB700 particle embedded in the PP matrix 
similar to the pictures presented above. The image also presented a smooth and uniform interface 
(red circle), which revealed a good surface adhesion and compatibility between RHB and PP. 
RHB particles were embedded in the PP matrix and the matrix held the RHB particle very 
tightly. Figure 4.23 showed the red circled area in Figure 4.23 with a higher magnification of 
×5000. 

 

Figure 4.23: Image of circled area in figure 4.24 with ×5000 magnification. 
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The SEM image in Figure 4.23 clearly showed the micro-pores and macro-pores present in the 
honeycomb structure of RHB700 (upper left side), the PP matrix (right side), and the excellent 
interfacial bonding between RHB700 and PP (blue circle). It should also be noted from the SEM 
image (Figure 4.23) that although surface bonding and compatibility can be observed, the 
amount of PP penetrated the pores of biochar was minimal, which meant that not only the 
interlocking between RHB and PP in the composite but also the bonding effect of PP were 
greatly weakened. This could be the reason behind the comparatively low tensile strength of 
composites containing RHB700 (Table 4.4). The morphology of the tensile fracture surfaces 
after the uniaxial tensile test of the composite containing RHB850 (PP-10RHB-850) is shown in 
Figure 4.24.  

 

Figure 4.24: SEM image of tensile fracture surface of composite containing RHB850 at ×1000 
magnification. 

It can be seen from Figure 4.25 that an RHB850 particle is embedded uniformly in the PP matrix 
and both the spikey outer surface and the honeycomb internal structure of the biochar were 
properly bonded with the PP matrix. This revealed the excellent compatibility between RHB850 
and PP in the composite. Moreover, the penetration of PP in the honeycomb structure of RHB 
was also observed.  The RHB850 showed comparatively better interfacial interaction between 
the matrix and the reinforcement, as compared to other composites prepared with RHB obtained 
at lower pyrolysis temperatures. This improved interfacial bonding can be attributed to the large 
surface area and porous structure of RHB synthesized at higher temperatures [133]. For better 
observation of the PP filled RHB pores, the circled area in Figure 4.24 was shown in Figure 4.25 
below with higher (×5000) magnification, which revealed that a large number of pores were 
filled with PP. However, PP was not able to penetrate all the pores, especially the central pores 
following the complex pore channels in the honeycomb structure of RHB.  
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Figure 4.25: SEM micrograph of tensile fracture surface of PP-10RHB-850 composite at ×5000 
magnification. 

The tensile fracture surface of PP-15RHB-850 composite also exhibited an RHB particle, in 
which pores were filled with PP (Figure 4.26). 

 

Figure 4.26: SEM micrograph of tensile fracture surface of PP-10RHB-850 composite at ×5000 
magnification. 

As presented in Figure 4.26, the RHB850 embedded in PP has its pores filled with PP. The 
molten PP resin, during composite processing, penetrates into RHB pores, which results in better 
interlocking between reinforcement particle and matrix [127]. The RHB particle shown in Figure 
4.26 was smaller and more filled with PP than the RHB particle in Figure 4.25, suggesting that 
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smaller particles allow better PP penetrations. This could be due to the fact that smaller RHB 
particles contain less complex pore channels in the honeycomb structure, allowing better 
infiltration of PP resin. 

For good mechanical strength, proper interfacial bonding between the reinforcing particles and 
the matrix is very crucial, and ultimately it must lead to an efficient and uniform transfer of 
applied stress. The reinforcing particles might pull out from the matrix due to the lack of 
interfacial adhesion and cause degradation of the reinforcing effect [133]. In all the RHB 
reinforced PP samples, it was observed that the biochar particles were firmly embedded in the PP 
matrix due to their porous structure and potential compatibility with PP resin. Moreover, the 
molten PP has penetrated a large number of pores of the biochar particles in almost all the 
composite samples. This resulted in large networks of mechanical interlocking between the RHB 
particles and the matrix, which consequently enhanced the flexural strength and the hardness 
(shore D) of the composites. It is apparent, that, with the increase in the wt% of RHB, the pore 
infiltration in particles would be more extensive. Thus, the mechanical properties might improve 
with increasing wt% of RHB in the composites [2]. This statement is in agreement with the 
mechanical properties test results found in this study. 

4.2.2.3 XRD Analysis 

Figure 4.27 presents the XRD spectra of the PP used in this study. It can be clearly observed that 
the semi-crystalline nature of PP had contributed for the peaks at around 14°, 16°, 18°, 21°, 22°, 
25°, 29°, and 43°. 

 

Figure 4.27: XRD spectra of PP. 

The PP exhibited sharp spectra, suggesting that peak shape is not only affected by the degree of 
crystallinity but also by crystal size [135]. Consequently, the percentage of crystallinity in PP 
was high. The XRD spectra of the RHB reinforced PP composites are shown in Figure 4.28 and 
compared with neat PP. 
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Figure 4.28: XRD spectra of RHB reinforced PP composite- a) PP-10RHB-400, b) PP-15RHB-
400, c) PP-10RHB-550, d) PP-15RHB-550, e) PP-10RHB-700, f) PP-15RHB-700, g) PP-
10RHB-850, and f) PP-15RHB-850. 
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From Figure 4.28 it can be observed that the crystallinity of the RHB reinforced PP composites 
was contributed mostly by the PP, as the shape and position of different peaks were similar to the 
spectra of PP. Thus, all the main diffraction peaks appearing in the spectra of the composites 
were contributed by PP rather than RHB, which revealed that RHB was amorphous in nature. It 
is important to mention that, as RHB samples were prepared at temperatures below 10000C, the 
silica present in the biochar was mostly amorphous in nature [152]. Besides, it should be noted 
that with increasing RHB content, the intensity of the peaks decreased for all four biochar 
samples, which indicated that the increase of RHB content may have a negative effect on the 
crystallinity of PP. The reason was that the lack of crystalline PP in the composites with a high 
loading of RHB caused the reduction of XRD peak intensities. A similar reduction of peak 
intensity in the biochar reinforced polymer composites was observed by other researchers also 
[2,126,135,164].  

On the other hand, by comparing spectra (a) with (g) and/or (b) with (h) in figure 4.29, it is clear 
that a general reduction in peak intensity was observed when biochar pyrolyzed at lower 
temperatures were added in the composites. RHB has a high presence of silica and the amount of 
silica increased with increasing pyrolysis temperatures [11]. Moreover, the crystallinity of the 
RHB derived silica increases with increasing process temperature [152]. Thus, RHB850 has the 
best crystallinity among the developed RHB samples. As a result, composites containing 
RHB850 exhibited a higher degree of crystallinity among the fabricated composites. 

To observe the effect of RHB incorporation on the crystal structure of PP in the composites, 
Figure 4.29 illustrates the XRD spectra of 100PP and the fabricated composite PP-15RHB-400 in 
one image. 

   

Figure 4.29: Comparison of the XRD spectra of 100PP and PP-15RHB-400 

Figure 4.29 indicates that the addition of RHB samples showed almost no effect on the crystal 
structure of the PP. This could be due to the lower content of RHB in the composites and the 

100PP PP-15RHB-400 
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absence of major reactions between RHB and PP, except surface adsorption. Similar results were 
also reported by Zhang et al. and Das et al. [126,167]. As a result, the addition of RHB had very 
little effect on the crystalline structure of PP though RHB incorporation could change the 
crystallinity of the RHB reinforced PP composites. 

4.2.3 Analysis of Thermal Properties 

4.2.3.1 Thermogravimetric Analysis 

The thermal stability of polymeric composites is a crucial parameter since the thermal stability of 
the thermoplastic polymer matrix can be a limiting factor in both processing and end-use 
applications of the developed composite [6]. Thermal degradation of the PP and RHB reinforced 
PP composites was determined from the weight loss during heating. The weight loss % (TGA) 
and the derivative weight change (DTG) curves are discussed in this section. The 
thermogravimetric curves (TGA and DTG) of PP are illustrated in Figure 4.30 below. 

 

Figure 4.30: TGA and DTG curves of PP. 

In Figure 4.31 the green line is the weight loss (TGA) curve and the blue line is the derivative 
weight loss (DTG) curve. The thermal decomposition of PP was marked by two distinct points, 
one was at around 2150C (onset degradation temperature, Tonset) and another one was at around 
3150C (the temperatures at the maximum mass loss rates, Tmax). The thermal decomposition of 
PP occurred mainly by chain transfer and random chain scission reactions and released 
decomposed products such as pentane and heptane [167]. From Figure 4.30 it is also observed 
that the degradation of PP occurred in one step leaving almost no residue [134]. 

Now the thermal degradation behavior (TGA and DTG curves) of the RHB reinforced PP 
composites are presented in Figure 4.31 for better understanding the effect of RHB on the 
thermal stability of the composites. 
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Figure 4.31: TGA and DTG curves of RHB reinforced PP composite- a) PP-10RHB-400, b) PP-
15RHB-400, c) PP-10RHB-550, d) PP-15RHB-550, e) PP-10RHB-700, f) PP-15RHB-700, g) 
PP-10RHB-850, and f) PP-15RHB-850. 
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The values of the degradation initiation temperature/ onset degradation temperature, Tonset (left) 
and the temperatures at the maximum mass loss rates, Tmax (right) were marked on every 
thermogravimetric curve as shown in Figure 4.31. It can be observed from the figure that the 
thermal degradation of the composites occurred in a single step which was similar to the 
degradation curve of PP. Figure 4.32 also indicated that RHB reinforced PP composite with 10 
wt% of the developed RHB samples showed onset degradation temperatures similar to that of 
PP. However, a composite containing 15 wt% of the developed RHB samples exhibited a 
delayed onset degradation temperature compared to the neat PP. On the other hand, the 
temperature at maximum mass loss rates, Tmax of the composites was also delayed by not only 
the higher RHB content but also by increasing the pyrolysis temperature of the RHB. This delay 
in thermal decomposition is an indication of improved thermal stability of the composites, which 
was due to the incorporation of the thermally stable biochar [2,18,133,134,167]. Amongst the 
fabricated composite samples, it can be observed that the PP-15RHB-850 showed higher thermal 
stability than the other composites. 

This improved resistance toward thermal degradation can be attributed to the barrier effect of the 
added RHB to the PP matrix, causing mass transfer limitations of volatile gases produced during 
thermal transformation [133]. The biochar is considered to be an amorphous material that is 
structurally disordered in nature [2]. Some rearrangement of molecular layers in the biochar 
takes place between the carbon chains and/or carbon molecules depending on the temperature of 
pyrolysis and residence time [133]. Such type of carbon network transformation into the 
turbostratic stack-like structure of the biochar has already been reported [18,133]. This thermally 
stable turbostratic stack-like structure of the biochar helps to delay the thermal degradation of the 
polymeric matrix. From the above discussion, it becomes clear that the addition of RHB in the 
PP based composites has a positive response when thermal stability is concerned. Moreover, the 
inherent thermal stability increment of RHB with increasing pyrolysis temperature helps the 
fabricated composites to sustain higher thermal decomposition temperatures.  

4.2.3.2 DSC Analysis 

Figure 4.32 illustrates the heating thermogram of PP. 

 

Figure 4.32: DSC curve of PP. 
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The DSC thermogram of neat PP showed two endothermic peaks. The first endothermic wide 
peak around 650C was due to the moisture and volatile removal [168] and the second sharp peak 
was due to the endothermic melting of PP at around 1750C. Now the DSC curves of all the RHB 
reinforced PP composites are presented in Figure 4.33 below. 

 

Figure 4.33: DSC curves of RHB reinforced PP composite- a) PP-10RHB-400, b) PP-15RHB-
400, c) PP-10RHB-550, d) PP-15RHB-550, e) PP-10RHB-700, f) PP-15RHB-700, g) PP-
10RHB-850, and f) PP-15RHB-850. 
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As presented in Figure 4.33, the composites exhibited DSC curves similar to that of PP. 
Accordingly, the first endothermic curve was due to the moisture and volatile removal [168] and 
the second endothermic peak was caused by the melting of the composites. The melting 
temperature of RHB reinforced PP composites had almost no shift compared to neat PP, which 
means that the endothermic melting in between 1720C and 1750C was caused by a typical 
melting behavior of PP, and the addition of RHB had a negligible effect on the melting 
temperature of the composites [14]. The PP resin used in this study had an isotactic structure. 
The isotactic PP has the highest melting temperature among the three types of PP and the melting 
temperature might be reduced if the tacticity of PP is altered [169,170]. During composite 
fabrication, the melt-blending of PP resin and addition of RHB particles has the potentiality to 
disrupt the tacticity of PP causing a slight decrease in the melting temperature [171]. Thus, the 
little reduction of melting temperature observed in some composites was probably due to the 
change of tacticity, rather than RHB addition. Moreover, the type of RHB was also found to have 
almost no impact on the melting temperature of the fabricated composites. A similar result was 
also found by several researchers while studying different biochar reinforced polymer 
composites [18,126,133]. Thus, the RHB incorporation into the PP matrix had a negligible effect 
on the melting temperature (Tm) of the developed composites. 

4.2.4 Analysis of Electrical Properties 

4.2.4.1 Resistance Measurement 

Generally, biochar contains a notable amount of amorphous carbon structures and 
turbostratically stacked graphene sheets, especially when the biochar is prepared at higher 
temperatures [18,129]. Moreover, rice husk derived biochar has a significant amount of silica 
(Table 4.2) that is semiconducting material. Thus, the incorporation of RHB has the potentiality 
to improve the electrical properties of the resulting composites. Table 4.7 presents the resistance 
(R) of PP and the developed composites at 100 Hz and 180C. 

Table 4.7: Resistance of PP and the developed RHB reinforced PP composites 

Test Sample Resistance, R (×10
07

Ω) 
100PP 4.30 

PP-10RHB-400 6.09 
PP-15RHB-400 6.24 
PP-10RHB-550 4.50 
PP-15RHB-550 5.81 
PP-10RHB-700 3.84 
PP-15RHB-700 3.71 
PP-10RHB-850 4.22 
PP-15RHB-850 3.53 

 



92 
 

As presented in Table 4.7, the resistance of PP at 100 Hz was 4.30 × 107 Ω. On the other hand, 
the resistance of the composites followed two different trends. Composites containing RHB 
pyrolyzed at lower temperatures (400 and 5500C) exhibited much higher resistance than PP and 
the resistance of the composites increased with increasing biochar content. This could be due to 
the higher presence of lignocellulosic residue in the RHB prepared at lower temperatures 
(section 4.1.6.2). The lignocellulosic residue is nonconductive and thus increases the resistance 
of the composite. Figure 4.34 shows the resistance of composites containing 10 wt% of RHB 
prepared at different temperatures and presents the change of resistance with changing pyrolysis 
temperatures. 

 

Figure 4.34: Resistance of PP and composites containing 10 wt% of four different RHB samples. 

Composites containing 15 wt% of prepared RHB samples also exhibited a similar trend and the 
resistance of the composites decreased with increasing pyrolysis temperatures (Figure 4.35).  

 

Figure 4.35: Resistance of PP and composites containing 15 wt% of prepared RHB samples. 
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Biochar prepared at higher temperatures exhibit better conductivity due to the formation of 
graphitic structures [129]. However, enough conductive particles are needed to create a proper 
conductive network in the polymer matrix, which can significantly reduce the resistance of the 
composite [18]. So, the low carbon content of RHB850 could be the reason behind higher 
resistance of PP-10RHB-850 composite, and with increasing biochar loading there were enough 
particles present in the PP matrix, which reduced the resistance of PP-15RHB-850. Moreover, 
the silica content of the RHB increased with increasing pyrolysis temperature. Thus, the presence 
of graphite and high silica content (Figure 4.10) could be the reason behind reduced resistance of 
the composites containing RHB700 and RHB850, where increasing RHB loading further 
decreased the resistance of the composites. 

RHB prepared above 7000C has the potentiality to decrease the resistance of PP matrix and 
increasing RHB content (prepared at higher temperatures) was found to have a positive impact 
when the reduction of resistance is concerned.  

5.1.4.2 Impedance Measurement 

Impedance, denoted Z, is the total effective resistance of a material when subjected to alternating 
current, and arising from the combined effects of resistance and reactance [172]. Table 4.8 
presents the impedance (Z) of PP and the fabricated composites at 100 Hz and 180C. 

Table 4.8: Impedance of PP and the fabricated RHB reinforced PP composites 

Test Samples Impedance, Z (×10
08

Ω) 

100PP 1.66 

PP-10RHB-400 1.53 

PP-15RHB-400 1.56 

PP-10RHB-550 1.57 

PP-15RHB-550 1.61 

PP-10RHB-700 1.60 

PP-15RHB-700 1.40 

PP-10RHB-850 1.54 

PP-15RHB-850 1.46 

The impedance of all the composites was found to be less than that of PP. Similar to resistance 
measurement results, composites containing low-temperature biochar (400 and 5500C) exhibited 
increased impedance with increased RHB content, but composites containing biochar prepared at 
higher temperatures (700 and 8500C) exhibited decreased impedance with increased RHB 
content. On the other hand, among the fabricated composites lowest impedance was exhibited by 
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PP-15RHB-700, rather than PP-15RHB-850. Impedance is a complex measure, where overall 
effective resistance due to alternating current is taken into account. The electrical conductivity of 
biochar is highly dependent on its carbon content [173]. RHB700 was found to have higher C 
content than RHB850, which could be the reason behind the lower impedance of PP-15RHB-
700. Thus, RHB prepared at higher temperatures has the potentiality to decrease the impedance 
of the RHB reinforced PP composites if the C content of the biochar is high. A schematic 
illustration of the change of impedance due to RHB type and loading is presented in Figure 4.36. 

 

Figure 4.36: Impedance of PP and fabricated composites. 

Therefore, the fabricated RHB reinforced PP composites exhibited noteworthy improvements in 
several mechanical, thermal and electrical properties when compared with PP and other 
comparable composites. A general comparison of the properties of RHB reinforced PP 
composites fabricated in this study with PP and other related composites so far developed is 
attached in Appendix A. 
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5.1 Conclusion 

Biochar with high carbon and silica content was obtained by slow pyrolysis of rice husk and it 
was used to fabricate RHB reinforced PP composite. After investigating the properties of biochar 
and the developed composites the results can be interpreted as follows: 

• Biochar derived from rice husk via slow pyrolysis exhibited high yield and the char was 
basic (pH > 7) in nature. With increasing pyrolysis temperature, the ash and silica content 
of the biochar increased, while the C content slightly decreased after 5500C. The biochar 
samples had a porous structure and the thermal stability of the samples increased with 
increasing pyrolysis temperature. 

• The tensile strength of all composites decreased when compared with neat PP. However, 
a slight increase of tensile strength was observed with increasing RHB content and the 
best tensile strength was exhibited by PP-15RHB-550. On the other hand, flexural 
strength and hardness of the composites increased. Accordingly, PP-15RHB-850 
composite exhibited the maximum flexural strength of 70.61 MPa (10.22% higher than 
that of PP) and hardness of 80 in the Shore D scale (5.96% higher than that of PP). 
However, the flexural strength of composites containing 10 wt% of all biochar samples 
was lower than that of PP, but it increased with increasing biochar content and became 
higher than the flexural strength of PP. On the other hand, all composites exhibited higher 
hardness than PP. 

• SEM images and EDX analysis revealed good interfacial adhesion and compatibility in 
the composite between RHB and PP. 

• The addition of RHB did not affect the crystal structure of PP in the developed 
composites but reduced the intensity of the crystalline peaks of the composites. 

• RHB prepared at higher temperatures (700 & 8500C) has the potentiality to increase the 
thermal stability of the composites, but RHB incorporation has a negligible effect on the 
melting temperature of the PP matrix. 

• Composites containing RHB prepared at higher temperatures (700 & 8500C) and have 
higher RHB content showed lower resistance and impedance.  

Evaluating the characteristics of the developed biochar and composite, it can be concluded that 
rice husk derived biochar is a potential reinforcing material for composite fabrication. RHB 
reinforced PP composites exhibited improvements in mechanical, thermal, and electrical 
properties, when compared with neat PP. Except for a little deviation, the improvements of the 
composite properties were found to be better when the RHB content in the composites was 
increased (15 wt%) and the incorporated RHB was pyrolyzed at higher temperatures (700 and 
8500C). The minor deviation might be due to the lack of homogeneous mixture formation of light 
RHB powder into the PP matrix during composite fabrication. 
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5.2 Recommendations for Future Work 

Based on the findings of the present research work the recommendations for future work in this 
field of research involve the following: 

• Composites with RHB contents higher than 15 wt% can be studied to determine the trend 
of different properties changes. 

• The effect of the RHB particle size on the properties of the composite can be 
investigated. 

• The extent of uniform mixing of RHB particles in the PP matrix can be examined to 
determine the effect of particle dispersion on the properties of the composite. 

• In this study, RHB prepared at higher temperatures exhibited better performances. So, 
composites containing RHB pyrolyzed at higher temperatures (higher than 8500C) can be 
studied.  

• RHB is organic reinforcement, so biodegradability of the composite can be studied in 
further research. 

• The water absorption test can be carried out in order to determine the effect of RHB 
addition on the water absorption ability of the composite. 
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Appendix A 

Table A.1: Comparison of the properties of the fabricated RHB reinforced PP composites in this 
study with PP and other comparable composites 

Polymer and 
Composites 

Properties 
Tensile 
Strength 
(MPa) 

Flexural 
Strength 
(MPa) 

Shore 
Hardness 
(D Scale) 

Melting 
Temperature 

(0C) 

Electrical 
Resistance, R 

(×1007Ω) 
RHB 
Reinforced PP 26.74 - 31.41 59.07 - 70.61 78.17 - 80 172 - 175 6.24 - 3.53 

Pine Wood 
Biochar + PP 25-28 58.26 - ~165 - 

Date Palm 
Biochar + PP 30 - 32 - - 163.6 – 165.6 - 

RHB + HDPE 15 -20 - - ~120 - 
PP Based Car 
Bumpers 28 - 38 40 - 50 50 - 52 168.1 - 172.4 - 

PP 34.57 64.06 75.50 ~175 4.3 
 


