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Abstract 

This research work has been undertaken to fabricate environmentally friendly 

biocomposites for biomedical and household applications. Sponge-gourd natural fibers 

(SGF) obtained from Luffa cylindrica plant were separately subjected to chemical 

treatments such as alkalization, acetylation, and benzoylation by 5−15 wt% sodium 

hydroxide (NaOH), acetic anhydride ((CH3CO)2O), and benzoyl chloride (C6H5COCl) 

solutions, respectively, in order to improve adhesion between fiber and polymer matrix. 

SGF reinforced polylactic acid (PLA) composites were then fabricated using solution 

casting method.  

Both untreated and chemically treated SGF as well as composites were subsequently 

characterized by using field emission scanning electron microscopy, Fourier transform 

infrared (FTIR) spectrometry, X-ray diffractometry, universal testing method, 

thermogravimetric analyses and agar diffusion method. Surface analysis by scanning 

electron microscopy shows that the alkali treatments promote better outer surface layer 

than other treatments of SGF with the exposition of inner fibrillar structure, thereby 

increasing roughness of the fiber surface. Structural analyses of SGF show that the 

alkali treatment improves the crystallinity of fibers by 81% and FTIR spectrometry 

exhibits new chemical bond formation in the SGF. The tensile strength () and 

Young‘s modulus (Y) have been analyzed through two-parameter Weibull distribution 

model, where  value increases by 150% and Y value increases by 80% of 

benzoylated fibers. The thermal stability of the treated SGF is also found to increase, 

showing the highest on-set temperature of 307.7°C for 10 wt% benzoylated SGF. 

Structural analyses of composites show that the chemical treatment of fibers improves 

the crystallinity and exhibits new chemical bond formation in the composites. Surface 

morphology indicates that by treatment of fibers and by increasing of treated fibers 

content, the interfacial adhesion between PLA and fibers is improved. Compressive 

strength of the composites has increased by 10–35% with incorporation of treated fibers 

into the PLA matrix. The thermal stability temperature of the treated fiber reinforced 

composites is also found to increase by an amount of 15–30%. The degradation test 

under soil has confirmed that the composites are biodegradable. Benzoyl chloride 

treatment of fibers shows superior mechanical properties and enhances thermal stability 

among the composites. The composites investigated have shown no antibacterial 

activities and no cytotoxic effect on non-cancer cell line. 
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INTRODUCTION 

1.1 General Discussion 

Material researchers, engineers and scientists are always determined to produce either 

improved traditional materials or completely novel materials. Composites are an 

example of the second category. In recent years, the development of bio-composites 

from biodegradable polymers and natural fibers have attracted great interests in the 

composite science, because they could allow complete degradation in soil or by 

composting process and do not emit any toxic or noxious components [1–6]. 

Polylactic acid (PLA) is highly versatile, aliphatic polyester derived from 100% 

renewable resources. Among biodegradable plastics, PLA, a linear aliphatic 

thermoplastic, has been one of the most promising candidates for various applications, 

because of its agricultural origin and biodegradability [7]. High-molecular weight PLA 

is generally prepared by the ring-opening polymerization of lactide which in turn is 

obtained from the fermentation of corn, sugar beet, etc. [8, 9]. Pure PLA can degrade to 

carbon-dioxide, water, and methane in the environment over a period of several months 

to two years, compared to other petroleum plastics needing very longer periods [10].  

On the other hand, it is well known that the fiber reinforcement is a viable method to 

improve the material properties of biodegradable polymers and to reduce the overall 

costs of the prepared materials [11]. Depending on the source, fibers are largely divided 

into two categories. These are natural fibers (NFs) and synthetic fibers. Synthetic fiber 

reinforced thermoplastic composites have better mechanical properties than the NFs 

reinforced composites, but they are not environmentally friendly [12]. In this case, NFs 

have many advantages compared to synthetic fibers. For example, they have low 

weight, renewable, biodegradable, relatively high strength, stiffness, and also cause no 

skin irritations [13, 14]. 

Bangladesh endowed with an ample availability of NFs such as Jute, Bamboo, Sisal, 

Pineapple, Coir, Banana, Sugarcane, Sponge-gourd, etc. and focused on the 

improvement of NF reinforced composites mainly to explore value-added application 

avenues. Such composites are well matched as wood substitutes in the housing and 

building sector. The development of these composites is based on two cleft strategy of 

preventing depletion of forest resources as well as ensuring good economic returns for 

the cultivation of NFs. 



24 
 
Sponge-gourd (Luffa cylindrica) is a tropical and subtropical vegetable belongs to the 

family Cucurbitaceae, which produces fruit containing fibrous vascular system. It is a 

suitable natural matrix for immobilization of microorganisms and has been successful 

in the process of biosorption of heavy metals from waste water. Therefore, it is very 

important to explore the potential of sponge-gourd to develop as NF and contribute to 

the industry as well as to the export market. Hence, the crop is considered as an 

underutilized vegetable and rarely used for medicinal purpose. Though the economic 

importance of this lesser known vegetable has not been recognized in Bangladesh, it is 

well known worldwide. 

Sponge-gourd fiber (SGF) is such NF extracted from the sponge-gourd (SG) plants and 

is extensively grown in Bangladesh like the other sponge-gourd producing countries in 

the South Asia and South America especially in Brazil. This fiber is largely used in the 

production of twins, upholstery, padding, body washer, fancy articles such as purses, 

wall hanging, table mats, and so on. Although it is used in manufacturing cheap house-

hold commodities, its potential and delicate application is still under research. Recently, 

uses of SGF as reinforcing material in fabrication of polymer-SGF composites have 

raised great interest and expectations among materials scientists and engineers [15–28]. 

The primary advantages of using this fiber as additive in polymer are that it has low 

cost, low density, non-abrasive nature, high possibility of filling levels, low energy 

consumption, high specific properties, biodegradability, wide varieties, availability 

throughout the world and a generation of rural/agriculture based economy.  

The chemical composition of SGF depends on some unavoidable factors, such as 

weather conditions, soil, plant origin, etc. [15]. However, the main components of SGF 

are cellulose and lignin of which the amount of the former one varies from 55–90% and 

the second one is within the range of 10–23% [15]. The elementary unit of cellulose 

macromolecules is anhydro-D-glucose, which contains hydroxyl (–OH) groups. These 

hydroxyls form hydrogen bonds with the intramolecular, intermolecular and hydroxyl 

groups from moist air. Lignin is an insoluble, resin like substance of phenolic character. 

It is built up to a large extent of phenyl propane building stones, often having a 

hydroxyl group in the para position and methoxyl group/groups in meta 

position/positions to the side chain. 
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Despite of its great advantages and scopes, SGF has a major drawback that precludes 

its promising uses in composites fabrication. The disadvantage is that SGF is 

hydrophilic in nature, absorb moisture from the environment and its average moisture 

content is 11 wt% [15], which reduces its durability. This characteristic of the fibers 

leads to poor adhesion with matrix, ultimately causing debonding between fiber and 

matrix. In wet conditions, therefore, such composites show very poor mechanical and 

thermal properties. Therefore, it is necessary to modify the fiber surface without genetic 

manipulation in order to alleviate hydrophilicity of the fiber so that its adhesion with 

the hydrophobic moiety of polymers can be improved.  

Chemical treatments are considered in modifying the fiber surface properties by alkali, 

silane, acetylation, benzoylation, acrylation, maleated coupling agents, isocyanates, and 

permanganates treatments [29]. It is expected that sodium hydroxide (NaOH), acetic 

anhydride ((CH3CO)2O), and benzoyl chloride (C6H5COCl) treatments disrupt 

hydrogen bonding in the network structure, thereby increasing surface roughness. 

These treatments remove a certain amount of lignin, waxes, and hemicelluloses of the 

fiber cell wall, depolymerize cellulose, and expose the short-length cellulose fibril [30]. 

Alkali treatment on NF is a very common method usually used to remove 

hemicelluloses and lignin from them [31]. This treatment increases hydrophobicity and 

leads to breaking down of the composite fiber bundle into smaller fibers. It also reduces 

fiber diameter and thereby increases the aspect ratio which leads to the formation of a 

rough surface topography that results in better fiber-matrix interface adhesion [32]. 

Furthermore, this treatment also increases the number of possible reactive sites and 

allows better fiber wetting. In order to improve interfacial bonding and to reduce 

moisture absorption the SGF are treated with alkali.  

Acetylation is a well-known esterification method causing plasticization of cellulosic 

fibers like SGF. It is beneficial in reducing the moisture absorption of NFs [33]. 

Reduction of the number of hydroxyl groups reduces the polarity.  

On the other hand, benzoylation is also a fiber treatment process where benzoyl 

chloride includes benzoyl (C6H5C=O), which is attributed to the decreased hydrophilic 

nature of the treated fiber [32]. 
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The effect of chemical treatment, especially alkali and methacrylamide on the 

mechanical properties of SGF-reinforced polymer composites has been studied earlier 

[16–23]. They have shown that the surface texture can be considerably modified by 

alkali treatments. When the modified fiber is added to polymer matrix, the treated fiber-

reinforced polymer composites exhibit a significant increase in tensile strength (σ) and 

Young‘s modulus (Y) as compared to the untreated ones. 

In the above-mentioned published articles, NF has been used as an additive or filler 

whose property when combined with that of polymer gives a new property of the 

resultant composites. To produce high performance composites, an improvement of the 

compatibility between the components of the composites is an essential requirement. 

The improvement of compatibility between fiber and polymer matrix depends on the 

appropriate choice of chemical treatments. Other possibilities of making a good 

adhesion between the modified fiber and polymer molecules are invariably referred to 

the suitable processing techniques.  

In most of the reported literatures, different NFs, such as kenaf [34, 35], jute [36], oil 

palm-EFB [37], bamboo [38], flax [39], hemp [40], banana [41] etc. have been used to 

reinforce PLA, where coupling agent and alkalization or mercerization method for fiber 

surface treatment has been followed. Besides, to the best of our knowledge, the 

acetylation and the benzoylation method as well as ultrasonication of SGF have not yet 

been applied before to observe the structures and properties of SGF reinforced polymer 

composites. Most importantly, no article has been found where research on the above 

chemical treated SGF reinforced PLA composites has been done.  

In the present work, a wide range of chemical concentrations (5–15 wt%) are used in 

order to investigate the changes in properties of differently modified fibers and PLA 

were used as a matrix interface with SGF to fabricate a noble composite. Moreover, in 

this work, the effect of alkalization, acetylation and benzoylation, and also their 

different treatment procedures (such as solution concentrations) on the structures and 

properties of SGF-PLA composites has been compared. Finally, the best treatment 

method and proper concentration of every chemical for fiber surface modification has 

been identified. The effect of fiber volume in the prepared composites has also been 

observed. 
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1.2 Literature Review 

Synthetic fibers are expensive and not nature friendly. Increasing use of these fibers are 

increasingly polluting the environment and making risk to human life. As a result, the 

interest in using NFs obtained from different plant fibers as reinforcement in plastics 

increased dramatically during the last few years. With regard to the environmental 

aspects, it would be very interesting if NFs could be used instead of synthetic fibers as 

reinforcement in some structural applications. The NF reinforced biodegradable 

polymer composites are eco-friendly materials, which can find their potentials as 

replacements of traditional engineering materials and can protect the environment from 

the threat. In these views, NFs have many advantages compared to synthetic fibers, for 

example, they have low density, and they are recyclable and biodegradable. 

Additionally they are renewable raw materials and have relatively high strength and 

stiffness. Their low-density values allow producing composites that combine good 

mechanical properties with a low specific mass. The strength, modulus, mode of failure 

and fracture toughness of a composite is not only dependent on the properties of the 

fiber and matrix, fiber volume fraction and fiber orientation but also dependent on the 

interfacial parameters of the composite. A weak interface drastically reduces the off 

axis strength, the flexural strength and the compressive strength. An increase in 

interfacial strength leads to a substantial increase in tensile strength and modulus of a 

short fiber composite.  

NFs such as sponge-gourd, jute, cotton, flax, banana, coir, oil palm EFB, sawdust, etc. 

have attracted much attention as potential reinforcements of composites because of 

their easy availability as renewable resources, easy processability, low cost and above 

all environment-friendly characteristics. The development of high performance 

composites prepared using cheap NFs is particularly significant from their economic 

point of view. 

There are too many research works that have been carried out with natural fiber 

reinforced polymer composites [15–28, 34–49, 51–66]. Almost all of these works have 

been done either sponge-gourd fibers (SGF) with different types of polymer without 

polylactic acid (PLA) [15–28, 42–48] or different types of natural fibers with PLA [34–

41, 53–66]. But none of them has used SGF as reinforcing component with PLA for 

composite preparation. Moreover, there exist very few literatures on the effect of SGF-

reinforcement on polymer composites. 
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1.2.1 Research Works Carried on SGF with Different Polymer 

This section deals with the research work that has already been carried out for testing 

the material properties of the NF reinforced hybrid composites. Literature review of 

such work needs to be done in order to understand the background information 

available, the work already done and also to show the significance of the current 

project. This chapter presents a general knowledge of the factors which affect the 

properties of NF reinforced polymer composites. 

Some chemical properties of luffa and its suitability for medium density fiberboard 

(MDF) production were studied by Akgul et al. [15]. This study was conducted to 

evaluate suitability of luffa cylindrica fiber for MDF production. For the experiment, 

luffa and commercially manufactured fibers with 11% moisture content were used. 

Chemical properties, including holo-, α-cellulose and contents, alcohol-benzene 

solubility in dilute alkali (1% NaOH), and hot and cold water solubility were 

determined. In addition, some physical and mechanical properties, such as density, 

thickness swelling (TS), bending strength (BS), modulus of elasticity (MOE), and 

internal board (IB) of the panel of MDF were also measured. The chemical composition 

and solubility of luffa were found to be similar to those of non-woods in general. Thus 

the results suggest that Luffa cylindrica fiber can be used as an alternative raw material 

for MDF manufacturing. 

Demir  et al. [16]  have  investigated  the  influence  of  coupling  agents  on  the 

morphological,  mechanical,  and  water  sorption  properties  of  luffa  fiber  reinforced 

polypropylene composites. They established that the Tensile strength and Young‘s 

modulus increased with employment of the coupling agents convoyed by a decrease in 

water absorption with treatment because of the better adhesion between the fiber and 

the matrix. They obtained the maximum improvement in the mechanical properties for 

the 3-(trimethoxysilyl)-1-propanethiol (MS) treated luffa fiber (LF) composites. The 

interfacial contacts improved the mechanical properties, water resistance and filler 

compatibility of composites. They reported that better adhesion between the fiber and 

the matrix was achieved especially for the MS and (3-aminopropyl)-triethoxysilane 

(AS) treated LF composites. Atomic force microscope (AFM) studies also showed that 

the surface roughness of LFs decreased with the employment of silane-coupling agents. 
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Ghali et al. [17] have studied the effect of chemical modification of luffa fibers on the 

mechanical and hygrothermal behaviors of polyester composites. They reported that the 

acetylation treatment improved the mechanical properties of composites. The process 

decreased the hydrophilic behavior of the luffa fibers, improving their adhesion to 

polyester matrix. The chemical alterations at the surface of the luffa fibers also 

decreased the diffusion coefficient and the maximum amount of water absorbed by 

these fibers. The diffusion process was found to be affected by external loads applied 

on the exposed composite materials. 

Effects of chemical modification, reinforcement structure and fiber weight ratio on the 

flexural proprieties of Luffa-polyester composites were studied by Ghali et al. [18]. An 

unsaturated polyester matrix reinforced with a mat of Luffa external wall fibers 

(ComLEMat), a short Luffa external wall fibers (ComLEBC) and a short Luffa core 

fibers (ComLCBC) was fabricated under various conditions of fibers treatments 

(combined process, acetylating and cyanoethylating) and fiber weight ratio. The FTIR 

spectra showed absorbance peaks at 1743, 1243 and 2254 cm-1, which confirmed new 

bond formation between fiber and matrix. It reported that acetylating and 

cyanoethylating enhanced the flexural strength and the flexural modulus. The fiber 

weight ratio influenced the flexural properties of composites. Indeed, a maximum value 

of strength and strain was observed over a 10% fiber weight ratio. The uses of various 

reinforcement structures were investigated. The enhancement of elongation at break 

and the strain values of the composite reinforced by natural mat were proved. 

Tanobe et al. [19] have discussed the increasing environmental concern along with the 

drive to find substitutes for synthetic fibers and value added applications for low cost 

and renewable plant fibers have led to the development of composites based on 

biomaterials. This paper describes the chemical treatments used on sponge gourd (Luffa 

cylindrica) fibers of Brazil to prepare their composites with polyester resin. Production 

of short fiber-polymer composite as well as mat-polyester composites is presented here. 

Characterization of the composites in respect of evaluation of density, water absorption, 

thermal stability, tensile properties and impact strength were made and the results are 

discussed. Observed impact strength and tensile properties are discussed based on the 

fractographic studies of the composites. They found decreasing water absorption, high 

thermal stability, high tensile properties and impact strength for 2% NaOH treated 

fibers. Observed impact strength and tensile properties are discussed based on the 

fractographic studies of the composites. They proposed that these composites can be 

used as ornamental panels, linings and structural products. 
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Panneerdhass et al. [20] have studied the mechanical properties of luffa fiber and 

ground nut reinforced epoxy polymer hybrid composites. They presented the study of 

the tensile, compressive, flexural, impact energy and water absorption characteristics of 

the luffa fiber and ground nut reinforced epoxy polymer hybrid composites. Luffa fiber 

and ground nut reinforced epoxy resin matrix composites have been developed by hand 

lay-up technique with luffa fiber treated conditions and ground nut with different 

volume fraction of fibers (10, 20, 30, 40 and 50%). Effects of volume fraction on the 

tensile, compressive, flexural, impact strength were studied. SEM analysis on the 

composite materials was performed. Tensile strength varied from 10.35 MPa to 19.31 

MPa, compressive strength varied from 26.66 MPa to 52.22 MPa, flexural strength 

varied from 35.75 MPa to 58.95 MPa and impact energy varied from 0.6 Joules to 1.3 

Joules, as a function of fiber volume fraction. The optimum mechanical properties were 

obtained at 40% of fiber volume fraction of treated fiber composites. Fractures surface 

of the composite showed the fiber pull out and de-bonding of fiber occurred. 

Seki et al. [21] carried out characterization of luffa cylindrica by Fourier transform 

infrared spectrophotometer, X-ray photoelectron spectroscopy (XPS), scanning electron 

microscopy (SEM) and thermogravimetric analysis. Hemicellulose, cellulose, and 

lignin contents of Luffa cylindrica were also determined. They subjected luffa 

cylindrica-reinforced polyester composite to water aging under a steam of seawater 

containing 5% sodium chloride for 170 h at 50oC. They found that flexural strength, 

tensile strength, tensile elongation and interlaminar shear strength at break values of the 

composite decreased by 28, 24, 45, and 31%, respectively, after water aging. However, 

tensile modulus and flexural modulus did not change significantly. 

Silva et al. [22] have studied on cardanol-based thermoset plastic reinforced by sponge-

gourd fibers. In this study, cardanol, a component of the cashew nut shell liquid 

(CNSL), was used as a building block for the development of a thermosetting matrix, 

which was reinforced by raw and modified sponge gourd fibers (Luffa cylindrica). DSC 

and TG results showed that among bio-composites, the one reinforced by sponge gourd 

fibers treated with NaOH 10 wt% (BF10) had the highest thermal stability. Besides the 

best performance in the tensile testing, showing good incorporation, dispersion, and 

adhesion to polymer matrix was observed by SEM. After 80 days of simulated soil 

experiments, it has been discovered that the presence of treated fiber allowed better 

biodegradability behavior to biocomposites. The biobased thermoset plastic and 
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biocomposites showed a good potential to several applications, such as manufacturing 

of articles for furniture and automotive industries, especially BF10. 

Aspects of alkali treatment of sponge-gourd (Luffa cylindrica) fibers on the flexural 

properties of polyester matrix composites were investigated by Boynard et al. [23]. 

They reported that the mercerization treatment produced strong morphological changes 

on the surface of luffa fibers. The outer surface of the fibers was completely removed, 

exposing the inner fibrillar structure. The solution with 5% NaOH provides composites 

with the best flexural mechanical properties. Nevertheless, only a secondary increase 

on the properties was obtained. This slight increase was attributed solely to mechanical 

interlock due to the increase of fiber roughness and the increase of the contact area of 

the fibers. The fractographic analysis corroborated the lack of a chemically bonded 

interface. The strength attained by these composites was, however, comparable to other 

common NF–resin matrix composite materials, showing the feasibility of luffa as 

reinforcement to resin matrix composites. 

Patel and Dhanola [24] have studied the influence of CaCO3, Al2O3, and TiO2 micro 

fillers on physico-mechanical properties of Luffa cylindrica/polyester composites. In 

this paper, they described the fabrication and physical, mechanical, three-body abrasive 

wear and water absorption behavior of Luffa fiber reinforced polyester composites with 

and without addition of micro fillers of Al2O3, CaCO3 and TiO2. The ranking of the 

composite materials has been made by using technique for order preference by 

similarity to ideal solution (TOPSIS) method with output parameters of their physical, 

mechanical and abrasive wear and water absorption attributes. The addition of micro 

fillers has enhanced greatly the physical and mechanical properties of Luffa-fiber based 

composites. The addition of micro fillers has influenced the physico-mechanical 

properties of Luffa-fiber based polyester composites in descending order of CaCO3, 

Al2O3, and TiO2. 

Fabrication, characterization, and evaluation of Luffa cylindrica fiber reinforced epoxy 

composites were studied by Saw et al. [25]. In this work, two chemical treatments, 

alkalization (2h agitation with 5% NaOH) and furfurylation (graft fufuryl alcohol 

followed by oxidation with (1N) NaClO2 solution), were conducted on Luffa cylindrica 

fiber surfaces. The grafting of furfuryl alcohol followed by oxidation-generated 

quinines showed better results than alkaline treatment with respect to enhancement of 

surface area and hydrophobicity as well as wax, lignin, and hemicellulose extraction. 
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The efficiency of chemical treatments was verified by elemental analysis and FTIR 

spectroscopy. Differential scanning calorimetry, thermogravimetric analysis, scanning 

electron microscopy, water absorption, and mechanical tests were performed to 

determine the thermal, mechanical, and morphological properties of untreated and 

treated fiber reinforced epoxy composites. The data from the water absorption process 

of composites at various temperatures were analyzed using a diffusion model based on 

Fick‘s law.  

Mechanical and tribological performance of Luffa cylindrica fiber-reinforced epoxy 

composites were studied by Mohanta and Acharya [26]. They have focused on the 

mechanical properties and solid particle impact behavior of Luffa cylindrica fiber 

(LCF)-reinforced epoxy composites. Single, double and triple-layered composites were 

prepared using the general hand lay-up technique. The erosive wear test was carried out 

using an air jet erosion tester according to the ASTM G76 standard. The erodent used 

was silica sand particles (200±50 µm). The experimental parameters studied for the 

erosion rate of the LCF epoxy composites were impingement angle (30° to 90°) and 

particle velocity (48 m/s to 82 m/s). Analysis of the results revealed that at the peak 

erosion rate, semi ductile behavior of the composite was apparent. Possible erosion 

mechanisms were investigated and discussed using scanning electron microscopy. 

Mohanta and Acharya [27] have studied the tensile, flexural and interlaminar shear 

properties of Luffa cylindrica fiber reinforced epoxy composites using single, double 

and triple layer luffa cylindrica fiber mats. The fracture surfaces of the composite were 

studied using SEM. From this study, it appears that networking structure of fiber 

increases the tensile and flexural strength for double layer composite. However there is 

a decrease in strength for triple layer composite which seem to be due to poor wetting 

of fiber with the matrix material. 

Mani et al. [28] have investigated that natural fibers are reported to have advantages of 

lower cost and better stiffness per unit weight compared to glass. For environmental 

concern on synthetic fibers (such as glass, carbon, and ceramic fiber, etc),   natural   

fibers   such   as banana, jute, coir, hemp, etc., are widely used. In this paper, the  

untreated  luffa  fiber  reinforced  epoxy  resin  matrix composites  have been  

developed  by  hand  lay-up  technique with  varying  process  parameters,  such  as  

different  type of luffa  fibers (discontinuous  fiber  mat  and  chopped  single fibers)  

and  with  different  volume fraction of fibers (30%, 40% and 50% by weight). The 
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developed luffa fiber reinforced composites were then characterized by tensile and 

flexural test. The results are taken and graphically represented. They found the 

maximum tensile and flexural strengths at 40 wt% for mat fiber and 50 wt% for 

chopped fiber. 

Sousa et al. [42] have reported that the Luffa cylindrica (LC) agrofiber residue-HDPE 

composites were manufactured by extrusion and injection moulding. The effects of 

fiber content, fiber size, screw speed and barrel zones temperatures on tensile strength 

at yield (TS) point, modulus of elasticity (MOE), flexure stress (FS) and Izod pendulum 

impact resistance were evaluated by using a design of experiments (DOE) factorial with 

center point. Furthermore, a model was also set for each response variable as well as to 

generate foreknowledge for additional combinations of the experimental factors. The 

design analysis showed that the LC-fiber content was the most important experimental 

factor, since it significantly affected three out of the four mechanical properties studied, 

specifically MOE, FS and Izod Impact resistance. The second most important 

parameter was the LC-fiber size. Additionally, the design analysis showed that screw 

speed and temperature of barrel zones did not present any influence on the properties 

investigated. The models were validated by comparing the results from additional 

experimental runs with the predicted values obtained from the respective model. 

Parida et al. [43] have investigated the effect of fiber treatment and fiber loading on 

mechanical properties of Luffa-resorcinol composites. In this article, the tensile and 

compressive behavior of resorcinol-formaldehyde (RF) matrix and its composites 

reinforced with fibers of Luffa cylindrica (LC) have been studied. LC fibers were 

subjected to chemical treatments such as alkali activation by NaOH followed by 

bleaching and acid hydrolysis in order to improve fiber-matrix adhesion. Both treated 

and untreated LC fibers were modified with calcium phosphate. The presence of 

hydroxy apatite, a polymorph of calcium phosphate and a major constituent of 

vertebrate bone and teeth, was confirmed from XRD peak of treated LC fiber. XRD 

analysis of the treated LC fiber has confirmed the crystalline nature of the chemically 

treated LC fiber by its crystallinity index. The effects of fiber loading of chemically 

treated and untreated LC fiber on ultimate stress, yield strength, breaking stress, and 

modulus of the composites were analyzed. The tensile and compressive modulus of the 

composites increased with incorporation of both treated and untreated LC fibers into 

the RF matrix. The modulus of composites with treated LC fiber was enhanced 
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compared to that of the untreated fiber composites. Furthermore, the values of ultimate 

stress, yield stress, and breaking stress increased with the incorporation of treated LC 

fiber in the composites. 

Dynamic mechanical behavior of Luffa cylindrica fiber-resorcinol composites has been 

studied by Parida et al. [44]. The effects of fiber loading, alkali treatment on fiber, 

temperature and frequency on storage modulus and mechanical-loss factor of the 

composites were studied. The dynamic mechanical behavior of the composites and pure 

matrix has been investigated in the frequency range from 0.1 Hz to 10 Hz and 

temperature range from 26˚C to 100˚C. The experimental results show that the values 

of storage modulus of the composites increase with increase in fiber loading. The 

storage modulus of treated LC fiber composites were found to be enhanced when 

compared with the untreated fiber composites. It was also found that mechanical-loss 

factor was more when untreated LC fibers were incorporated in the composites and 

decreased with the incorporation of treated LC fiber. The storage modulus of all the 

composites increased with frequency but decreased with rise of temperature. The glass 

transition temperature of the composites was evaluated from the peaks of tan delta 

variations. 

Production and characterization of Luffa/coir reinforced polypropylene composite were 

investigated by Sakthivel et al. [45]. They focused on the fabrication of coir and luffa 

reinforced polypropylene composite in desired shapes by the help of various structures 

of patterns and calculated its material characteristics (tensile strength, flexural rigidity, 

hardness, % gain of water, density and impact energy) by conducting tests like tensile 

test, flexural test, hardness test, water absorption test, density test, impact test and SEM 

analysis. The results are assessed on sections of materials which identifies the use of 

natural fiber reinforced polypropylene composite material for automotive application. 

Mechanical and micro-structural effect on alkaline treated sponge gourd fiber epoxy 

composite has been investigated experimentally by Ichetaonye et al. [46]. Composite 

laminates are fabricated by hand lay-up technique. Scanning electron microscope 

analysis on the composite materials is performed. A group of neat epoxy samples is 

fabricated for comparison purpose. Samples are analyzed for their mechanical 

properties to establish an alkaline effect on sponge gourd. Indeed, a maximum value of 

strength and strain is observed over 20% filler loading for 24 hrs treated fiber 

composite. 
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Escocio et al. [47] have investigated the rheological behavior of renewable 

polyethylene (HDPE) composites and sponge gourd residue. This study reported the 

results of rheological behavior of renewable composites, based on a matrix of high 

density polyethylene (HDPE), made from ethanol distilled from sugarcane, and 

lignocellulose filler from waste generated in the processing of sponge gourds for 

bathing use. The composites were prepared with 10, 20, 30, and 40 wt% of filler in a 

twin-screw extruder. The materials were analyzed in a parallel plate rheometer and a 

melt-flow indexer. The composite morphology was determined by scanning electron 

microscopy. The composite viscosity increased with filler content, suggesting possible 

formation of filler agglomerates. This result was confirmed by Cole-Cole diagrams. 

On the difficulties in manufacturing of luffa fibers reinforced biocomposites and 

variations in their dynamic properties has been investigated by Genc and Koruk [48]. 

The authors reported that, defects and structural differences in raw biomaterials such as 

luffa plant result in large scattering mechanical properties such as density, damping and 

elasticity modulus. There are difficulties during the manufacturing process of the 

composites reinforced by bio materials inherent to the nature of biomaterials. The 

major problems and restrictions encountered with the use of green luffa materials for 

composite manufacturing and the variations in the dynamic properties of luffa 

composites are studied in this study. First, the structural differences in the raw luffa 

plants are presented and the difficulties in manufacturing the luffa fibers based 

composites are discussed. After that, the variations in the measured modal parameters 

of luffa composites such as natural frequencies and loss factors are presented. The 

results showed that the luffa composites can be manufactured with similar properties 

without any special selection of luffa cylindrica samples for controlling the structural 

differences. However, a preliminary selection of bio raw samples is required if small 

variations in the dynamic hence mechanical properties of luffa composites are desired. 

1.2.2 Research Works Carried on Chemical Modifications of Natural Fibers 

Recent developments in chemical modification and characterization of natural fiber 

reinforced composites were reviewed by John and Anandjiwala [29]. A critical 

review of the literature on the various aspects of natural fibers and biocomposites with 

a particular reference to chemical modifications is presented in this paper. A notable 
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disadvantage of natural fibers is their polarity which makes it incompatible with 

hydrophobic matrix. This incompatibility results in poor interfacial bonding between 

the fibers and the matrix. This in turn leads to impaired mechanical properties of the 

composites. This defect can be remedied by chemical modification of fibers so as to 

make it less hydrophilic. This paper reviews the latest trends in chemical modifications 

and characterizations of natural fibers. The structure and properties of natural fibers 

have been discussed. Common chemical modifications and their mechanisms have also 

been elaborated. The importance of chemical modifications and the resultant 

enhancement in the properties of the composites have also been reviewed. Recent 

investigations dealing with chemical modifications of natural fiber-reinforced 

composites have also been cited.  

Influence of wood flour chemical modification on the mechanical performance of 

wood–plastic composites was studied by Farsi [49]. This study deals with the effect of 

chemical modification of wood-flour by components including alkaline, silane, acrylic 

acid and benzoyl chloride, and PP-g-MA coupling agent concentration (0 and 3 wt%) 

on the mechanical performance of WPCs. The samples were fabricated by melt 

compounding in an internal mixer and then injection molding. Tensile, flexural, and 

Izod impact test of modified composites were performed and compared by net 

polypropylene and unmodified samples. The results showed that the highest tensile and 

flexural resistance was observed in composites modified with alkaline and including 

coupling agent. Modified composites had lower impact strength than unmodified ones. 

Simultaneous use of chemical modification and coupling agent on mechanical 

properties had synergic effect. Therefore, chemical modification of wood flour 

improved interfacial adhesion and so increased the mechanical performance of these 

composites. 

Hossain et al. [50] have been investigated the effect of chemical treatment on physical, 

mechanical and thermal properties of ladies finger natural fiber. In this research work, 

natural fiber obtained from ladies finger plant was chemically treated separately using 

alkali (2% NaOH), chromium sulfate (4% Cr2(SO4)3 ∙12(H2O)), and chromium sulfate 

and sodium bicarbonate (4%Cr2(SO4)3 ∙12(H2O)+NaHCO3). Both raw and chemically 

treated fibers were subsequently characterized using mechanical (tensile), structural 

(Fourier transform infrared spectroscopy and scanning electron microscopy), and 

thermal (thermogravimetric) analysis. Fourier analysis showed the presence of (−OH) 
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group in the ladies plant fiber. Scanning electron micrographs revealed rougher surface 

in case of alkali treated fiber, while thin coating layer was formed on the fiber surface 

during other two treatments. Tensile test on ladies finger single fiber was carried out by 

varying span length. The tensile strength and Young‘s modulus values were found to be 

increased after chemical treatment. For both raw and chemically treated fibers, Young‘s 

modulus increased and tensile strength decreased with increase in span length. 

Thermogravimetric analysis indicated the same level of thermal stability for both raw 

and treated ladies finger fibers. 

Kalia et al. [51] represented a review paper on pretreatments of natural fibers and their 

application as reinforcing material in polymer composites. They have reported that, in 

recent years, natural fibers reinforced composites have received much attention because 

of their lightweight, nonabrasive, combustible, nontoxic, low cost and biodegradable 

properties. Among the various natural fibers; flax, bamboo, sisal, hemp, ramie, jute, 

and wood fibers are of particular interest. A lot of research work has been performed all 

over the world on the use of natural fibers as a reinforcing material for the preparation 

of various types of composites. However, lack of good interfacial adhesion, low 

melting point, and poor resistance towards moisture make the use of natural fiber 

reinforced composites less attractive. Pretreatments of the natural fiber can clean the 

fiber surface, chemically modify the surface, stop the moisture absorption process, and 

increase the surface roughness. Among the various pretreatment techniques, graft 

copolymerization and plasma treatment are the best methods for surface modification 

of natural fibers. Graft copolymers of natural fibers with vinyl monomers provide better 

adhesion between matrix and fiber. In the present article, the use of pretreated natural 

fibers in polymer matrix-based composites has been reviewed. Effect of surface 

modification of natural fibers on the properties of fibers and fiber reinforced polymer 

composites has also been discussed. 

Chemical treatments of natural fiber for use in natural fiber-reinforced composites were 

reviewed and reported by Li et al. [52]. They observed that, studies on the use of 

natural fibers as replacement to man-made fiber in fiber-reinforced composites have 

increased and opened up further industrial possibilities. Natural fibers have the 

advantages of low density, low cost, and biodegradability. However, the main 

disadvantages of natural fibers in composites are the poor compatibility between fiber 
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and matrix, and the relative high moisture sorption. Therefore, chemical treatments are 

considered in modifying the fiber surface properties. In this paper, the different 

chemical modifications on natural fibers for use in natural fiber-reinforced composites 

are reviewed. Chemical treatments including alkali, silane, acetylation, benzoylation, 

acrylation, maleated coupling agents, isocyanates, permanganate and others are 

discussed. The chemical treatment of fiber aimed at improving the adhesion between 

the fiber surface and the polymer matrix may not only modify the fiber surface but also 

increase fiber strength. Water absorption of composites is reduced and their mechanical 

properties are improved. 

1.2.3 Research Works Carried on PLA with Different Natural Fibers 

A comparative study of understanding the reinforcing mechanisms in kenaf fiber/PLA 

and kenaf fiber/PP composites was studied by Han et al. [34]. They focused on 

exploring the feasibility of green composites made from biodegradable and renewable 

materials as potential alternatives to petroleum polymer composites and the reinforcing 

mechanisms in composites containing kenaf fibers (KF) was investigated. KF-

reinforced poly (lactide) acid (PLA) composites were made using melt compounding 

and injection molding, and their properties were compared to that of KF-reinforced 

polypropylene (PP) composites. The flexural properties and thermo-mechanical 

behavior were determined as a function of the fiber content, crystallization of PLA and 

PP was studied using X-ray diffraction and differential scanning calorimetry, and the 

composites‘ morphology was investigated using scanning electron microscopy. It was 

concluded that PLA exhibited higher modulus and Tg compared to those of neat PP. 

The modulus of the composites at 40 wt% fibers is 6.64 GPa and 2.96 GPa for PLA and 

PP, respectively. In general, addition of kenaf resulted in larger property enhancement 

in PP due to better wetting of the fibers by the low melt viscosity PP and the 

crystallization behavior of PP is significantly altered by the fibers. The novelty of this 

work is that it provides one-to-one comparison of PLA and PP composites, and it 

explores the feasibility of fabricating green composites with enhanced properties using 

a simple scalable process. 

Poly(lactic acid)-based biocomposites reinforced with kenaf fibers were prepared and 

characterized by Avella et al. [35]. PLA was selected as polymeric matrix. 

Compatibilized PLA/kenaf composites show an improved adhesion between fibers and 

matrix, as confirmed both by morphological analysis and by the evaluation of the 
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adhesion parameter. Thermogravimetric analysis showed that the kenaf fibers and the 

reactive compatibilization did not significantly influence the thermal stability of PLA. 

The reactive compatibilization procedure induced significant improvements of flexural 

and impact properties in comparison with uncompatibilized PLA-based composites. 

Ma and Joo [36] have studied structure and mechanical properties of jute–polylactic 

acid biodegradable composites. In this study, biodegradable composites based on jute 

and polylactic acid (PLA) were prepared by a film-stacking process. The effect of jute 

fiber content, processing temperature, and alkali treatment on the structure and 

mechanical properties of jute–PLA composites were investigated. The interfacial 

structure between jute fibers and PLA was analyzed by scanning electron microscope. 

The optimum tensile properties of jute–PLA composites were obtained at 15 wt% fiber 

content and a processing temperature of 210°C. Both the maximum flexural modulus 

and strength of composites were obtained at 220°C and 15 wt% fiber contents. X-ray 

diffraction profiles showed that the crystallinity of jute fibers was changed from 

cellulose I to cellulose II after alkali treatment. Meanwhile, the tensile modulus of 

single jute fiber and jute–PLA composites increases by 29% and 76%, respectively. 

The modified equation of the rule of mixture was more suitable to predict tensile 

modulus of jute–PLA composites than the conventional Halpin–Tsai model and the 

relative error was less than 8%. 

The effect of fiber length on degradation and stability of green composites fabricated 

from oil palm empty fruit bunch fiber and polylactic acid has investigated by Alam et 

al. [37]. PLA and empty fruit bunch (EFB) fiber-based green composites have been 

successfully fabricated through extrusion, followed by injection molding methods. 

Optimum value of length and weight fraction of EFB fibers has been obtained by 

means of mechanical test of composites. The composites produced by treated fibers 

with 30-mm length and 40wt% load showed better mechanical performances, higher Tg 

and Tm values as well as lower Tc values as compared to that produced by fibers of 

random size. Noticeable increase in crystallinity and thermal stability of treated and 

fixed length fiber-reinforced composite has been observed when fibers are 

simultaneously treated by ultrasound in alkali medium. Since the composites prepared 

with both untreated and treated fibers showed a less soil burial degradation, they 

suggested these composites can find suitable application in the construction and 

automotive industries. 
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Effect of fiber treatments on interfacial shear strength of hemp fiber reinforced 

polylactide and unsaturated polyester composites were investigated by Sawpan et al. 

[60]. Surface treatment improved interfacial shear strength (IFSS) of hemp fiber 

reinforced polylactide (PLA) and unsaturated polyester (UPE) composites. Fibers were 

treated with NaOH, acetic anhydride, maleic anhydride and silane. A combined 

treatment using NaOH and silane was also carried out. IFSS of PLA/hemp fiber 

samples increased after treatment, except in the case of maleic anhydride treatment. 

Increased IFSS was explained by better bonding of PLA with treated fibers and 

increased PLA transcrystallinity. The highest IFSS was 11.4 MPa obtained for the 

PLA/alkali treated fiber samples. IFSS of UPE/hemp fiber samples increased for all 

treated fibers. This is believed to be due to the improvement of chemical bonding 

between the treated fibers and the UPE as supported by FTIR results. The highest IFSS 

was found for the combined NaOH and silane treatment fiber/UPE samples. 

Impact and tensile properties of PLA/Cordenka and PLA/flax composites were 

investigated by Bax and Mussig [61]. PLA (polylactic acid) was reinforced with 

Cordenka rayon Fibers and flax Fibers, respectively. The mechanical properties of 

these composites which are examples for completely biodegradable composites were 

tested and compared. The samples were produced using injection moulding. The 

highest impact strength (72 kJ/m2) and tensile strength (58 MPa) were found for 

Cordenka reinforced PLA at a fiber-mass proportion of 30%. The highest Young‘s 

modulus (6.31 GPa) was found for the composite made of PLA and flax. A poor 

adhesion between the matrix and the Fibers was shown for both composites using SEM. 

The promising impact properties of the presented PLA/Cordenka composites showed 

their potential as an alternative to traditional composites. 

Tokoro et al. [62] have studied how to improve mechanical properties of polylactic 

acid with bamboo fibers. In this investigation, bamboo fibers (BF) were mixed in 

polylactic acid (PLA) to improve its mechanical properties, impact strength and heat 

resistance. Three different types of BF were extracted from raw bamboo by either 

sodium hydroxide (NaOH) treatment or steam explosion in conjunction with 

mechanical processing. They were designated as ―short fiber bundle,‖ ―alkali-treated 

filament‖ and ―steam-exploded filament,‖ respectively. Composite samples were 

fabricated by injection molding using PLA/BF pellets prepared by a twin-screw 

extruding machine. Among them, the highest bending strength was obtained when 
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steam-exploded filaments were put into PLA matrix. Impact strength of PLA was not 

greatly improved by addition of short fiber bundles as well as both filaments. In order 

to improve the impact strength of PLA/BF composites, PLA composite samples were 

alternatively fabricated by hot pressing using medium length bamboo fiber bundles 

(MFB) to avoid the decrease in fiber length at fabrication. Impact strength of 

PLA/MFB composite significantly increased, in which long fiber bundles were pulled 

out from the matrix. The addition of BF improved thermal properties and heat 

resistance of PLA/BF composites due to the constraint of deformation of PLA in 

conjunction with crystallinity promoted by anneal (at 110°C for 5 h). 

Water uptake behavior and Young modulus prediction of composites based on treated 

sisal fibers and poly(lactic acid) have been observed by Orue et al. [63]. The main aim 

of this work was to study the effect of sisal fiber surface treatments on water uptake 

behavior of composites based on untreated and treated fibers. For this purpose, sisal 

fibers were treated with different chemical treatments. All surface treatments delayed 

the water absorption of fibers only for a short time of period. No significant differences 

were observed in water uptake profiles of composites based on fibers with different 

surface treatments. After water uptake period, tensile strength and Young modulus 

values of sisal fiber/poly(lactic acid) (PLA) composites decreased. On the other hand, 

composites based on NaOH plus silane treated fibers showed the lowest diffusion 

coefficient values, suggesting that this treatment seemed to be the most effective 

treatment to reduce water diffusion rate into the composites. Finally, Young modulus 

values of composites, before water uptake period, were predicted using different 

micromechanical models and were compared with experimental data. 

Hinchcliffe et al. [64] demonstrated the experimental and theoretical investigation of 

prestressed natural fiber-reinforced polylactic acid (PLA) composite materials. In this 

work the authors demonstrated that the specific (weight-normalized) mechanical 

properties of polylactic acid (PLA) can be enhanced by leveraging a combination of (a) 

additive manufacturing (3D printing) and (b) initial post-tensioning of continuous 

natural-fiber reinforcement. In this study, both tensile and flexural PLA specimens with 

different cross-sectional geometries were 3D-printed with and without post-tensioning 

ducts. The mechanical properties of two continuous reinforcing fiber strands (i.e., jute, 

flax) were experimentally characterized prior to threading, post-tensioning to a 

prescribed level of stress, and securing in place with 3D-printed anchors. The effect of 

Chapter: 1                 Introduction   
      



42 
 
fiber type, matrix cross-sectional geometry, number of reinforcing strands, and degree 

of post-tensioning on the specific mechanical properties (i.e., strength-, stiffness-, 

rigidity-to-weight) of PLA were investigated using both tensile and flexural mechanical 

testing. Experimental results confirmed that additive manufacturing alone improved the 

specific tensile and flexural mechanical properties of PLA and that these properties 

were further improved via initial mechanical prestressing of natural fiber 

reinforcement. Data indicated increases of 116% and 62% for tensile specific strength 

and stiffness and 14% and 10% for flexural specific strength and rigidity, respectively, 

compared to solid, unreinforced PLA. A theoretical model of the prestressed composite 

tensile response was employed and found to accurately predict (<10% error) 

improvements in mechanical behavior. 

Wang et al. [65] prepared desirable porous cell structure polylactide/wood flour 

composite foams assisted by chain extender. Polylactide (PLA)/wood flour composite 

foam were prepared through a batch foaming process. The effect of the chain extender 

on the crystallization behavior and dynamic rheological properties of the PLA/wood 

flour composites were investigated as well as the crystal structure and cell morphology 

of the composite foams was determined. The incorporation of the chain extender 

enhanced the complex viscosity and storage modulus of PLA/wood flour composites, 

indicating the improved melt elasticity. The chain extender also led to a decreased 

crystallization rate and final crystallinity of PLA/wood flour composites. With 

increasing chain extender content, a finer and more uniform cell structure was formed, 

and the expansion ratio of PLA/wood flour composite foams was much higher than 

without the chain extender. Compared to the unfoamed composites, the crystallinity of 

the foamed PLA/wood flour composites was improved and the crystal was loosely 

packed. However, the new crystalline form was not evident. 

Oksman et al. [66] have investigated on natural fibers as reinforcement in polylactic 

acid (PLA) composites. The focus in this work has been to study if natural fibers can be 

used as reinforcement in polymers based on renewable raw materials. The materials 

have been flax fibers and polylactic acid (PLA). PLA is a thermoplastic polymer made 

from lactic acid and has mainly been used for biodegradable products, such as plastic 

bags and planting cups, but in principle PLA can also be used as a matrix material in 

composites. Because of the brittle nature of PLA triacetin was tested as plasticizer for 

PLA and PLA/flax composites in order to improve the impact properties. The studied 
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composite materials were manufactured with a twin-screw extruder having a flax fiber 

content of 30 and 40 wt%. The extruded compound was compression moulded to test 

samples. The processing and material properties have been studied and compared to the 

more commonly used polypropylene flax fiber composites (PP/flax). Preliminary 

results showed that the mechanical properties of PLA and flax fiber composites were 

promising. The composite strength is about 50% better compared to similar PP/flax 

fiber composites, which are used today in many automotive panels. The addition of 

plasticizer does not show any positive effect on the impact strength of the composites. 

The study of interfacial adhesion shows that adhesion needs to be improved to optimize 

the mechanical properties of the PLA/flax composites. The PLA/flax composites did 

not show any difficulties in the extrusion and compression moulding processes and they 

can be processed in a similar way as PP based composites. 

1.2.4 Research Works Related to Only PLA 

A literature review of poly(lactic acid) has introduced by Garlotta [7]. This review is 

presented regarding the synthesis, and physicochemical, chemical, and mechanical 

properties of poly(lactic acid)(PLA). Poly(lactic acid) exists as a polymeric helix, with 

an orthorhombic unit cell. The tensile properties of PLA can vary widely, depending on 

whether or not it is annealed or oriented or what its degree of crystallinity is. Also 

discussed are the effects of processing on PLA. Crystallization and crystallization 

kinetics of PLA are also investigated. Solution and melt rheology of PLA is also 

discussed. Four different power-law equations and 14 different Mark–Houwink 

equations are presented for PLA. Nuclear magnetic resonance, UV–VIS, and FTIR 

spectroscopy of PLA are briefly discussed. Finally, research conducted on starch–PLA 

composites is introduced. 

Lim et al. [8] have studied on processing technologies for poly(lactic acid). They 

reported that poly(lactic acid) (PLA) is an aliphatic polyester made up of lactic acid (2-

hydroxy propionic acid) building blocks. It is also a biodegradable and compostable 

thermoplastic derived from renewable plant sources, such as starch and sugar. 

Historically, the uses of PLA have been mainly limited to biomedical areas due to its 

bio-absorbable characteristics. Over the past decade, the discovery of new 

polymerization routes which allow the economical production of high molecular weight 

PLA, along with the elevated environmental awareness of the general public, have 
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resulted in an expanded use of PLA for consumer goods and packaging applications. 

Because PLA is compostable and derived from renewable sources, it has been 

considered as one of the solutions to alleviate solid waste disposal problems and to 

lessen the dependence on petroleum-based plastics for packaging materials. Although 

PLA can be processed on standard converting equipment with minimal modifications, 

its unique material properties must be taken into consideration in order to optimize the 

conversion of PLA to molded parts, films, foams, and fibers. In this article, structural, 

thermal, crystallization, and rheological properties of PLA are reviewed in relation to 

its converting processes. Specific process technologies discussed are extrusion, 

injection molding, injection stretch blow molding, casting, blown film, thermoforming, 

foaming, blending, fiber spinning, and compounding. 

Tham et al. [67] have studied the characterization of water absorption of biodegradable 

Poly(lactic acid)/Halloysite nanotube nanocomposites at different temperatures. In this 

work poly(lactic acid) (PLA)/6 wt% halloysite nanotube (HNT) nanocomposites were 

prepared using melt compounding followed by compression molding. Two types of 

impact modifiers, i.e., maleic anhydride grafted styrene-ethylene/butylene-styrene 

copolymer (SEBS-g-MA) and N,N'-ethylenebis (stearamide) (EBS) were used to 

toughen the PLA nanocomposites. The effects of water absorption on the thermal and 

impact properties of PLA/HNT at three different temperatures (i.e. 30°C, 40°C and 

50°C) were investigated. The diffusion coefficient (D) of PLA was decreased by the 

incorporation of HNT and impact modifiers. It was found that the activation energy of 

water absorption (Ea) of PLA/HNT6/EBS is higher than that of PLA/HNT6/SEBS-g-

MA nanocomposites. The reduction of impact strength, glass transition temperature 

(Tg), cold-crystallization temperature (Tcc), and melting temperature (Tm) of the PLA 

samples is attributed to the hydrolytic degradation of PLA. 

Biomedical applications of poly(lactic acid) was investigated by Pawar et al. [68]. 

They reported that Polylactic acid (PLA) is a biodegradable, biocompatible, non-toxic 

and eco-friendly polymer. PLA and its composites are currently used in medical 

implants, tissue engineering, orthopedic devices, drug delivery systems, etc. The 

present review highlights recent research and patents for the utility of PLA based 

polymers and their blends in biomedical applications. 

Chapter: 1                 Introduction   
      



45 
 
Jamshidian et al. [69] reported on polylactic acid: production, applications, 

nanocomposites, and release studies. The general purpose of this review is to introduce 

poly-lactic acid (PLA), a compostable, biodegradable thermoplastic made from 

renewable sources. PLA properties and modifications via different methods, like using 

modifiers, blending, copolymerizing, and physical treatments, are mentioned; these are 

rarely discussed together in other reviews. Industrial processing methods for producing 

different PLA films, wrappings, laminates, containers (bottles and cups), are presented. 

The capabilities of PLA for being a strong active packaging material in different areas 

requiring antimicrobial and antioxidant characteristics are discussed. Consequently, 

applications of nanomaterials in combination with PLA structures for creating new 

PLA nanocomposites with greater abilities are also covered. These approaches may 

modify PLA weaknesses for some food packaging applications. The linkage of a 100% 

bio-originated material and nanomaterials opens new windows for becoming 

independent, primarily, of petrochemical-based polymers and, secondarily, for 

answering environmental and health concerns will undoubtedly be growing with time. 

1.2.5 Some Important Research Works Related to Natural Fibers 

Bledzki and Gassan [33] reviewed on composites reinforced with cellulose based 

fibers. This review article concerning natural and man-made cellulose fiber reinforced 

plastics, introduces possible applications of this material group. The physical properties 

of natural fibers are mainly determined by the chemical and physical composition, such 

as the structure of fibers, cellulose content, angle of fibrils, cross-section, and by the 

degree of polymerization. Only a few characteristic values, but especially the specific 

mechanical properties, can reach comparable values of traditional reinforcing fibers. 

This physical structure can be modified by using alkali treatment and acetylation 

processes. The application of natural fibers as reinforcements in composite materials 

requires, just as for glass-fiber reinforced composites, a strong adhesion between the 

fiber and the matrix, regardless of whether a traditional polymer (thermoplastics or 

thermosets) matrix, a biodegradable polymer matrix or cement is used. Further this 

article gives a survey about physical and chemical treatment methods which improve 

the fiber matrix adhesion, their results and effects on the physical properties of 

composites. These different treatments change among others the hydrophilic character 

of the natural fibers, so that moisture effects in the composite are reduced. To bring 

about hydrophobic properties to natural fibers, a special treatment, termed acetylation, 

can be used. The effectiveness of this method is strongly influenced by the treatment 
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conditions used. The mechanical and other physical properties of the composite are 

generally dependent on the fiber content, which also determines the possible amount of 

coupling agents in the composite. The influence of such treatments by taking into 

account fiber content on the creep, quasi-static, cyclic dynamic and impact behavior of 

natural fiber reinforced plastics are discussed in detail. For special performance 

requirements, hybrid composites made of natural and conventional fibers can be 

prepared with desired properties. The processing conditions play, next to the 

mechanical properties of natural fibers, an important role for the industrial use of these 

materials. The results presented in this paper show, that natural fibers can be processed 

with the already commonly applied methods: glass mat thermoplastic matrix (GMT), 

sheet moulding compound (SMC) or bulk moulding compound (BMC). For the 

processing of thermoplastics reinforced with natural fibers, new methods (e.g. the 

‗‗EXPRESS‘‘ processing) are of increasing importance. Natural fibers seem to have 

little resistance towards environmental influences. This can be recognized in the 

composite and can be advantageously utilized for the development of biological 

degradable composites with good physical properties. 

Natural fiber-reinforced polymer composites were reviewed by Taj et al. [70]. The 

authors reported that, natural fibers have been used to reinforce materials for over 3,000 

years. More recently they have been employed in combination with plastics. Many 

types of natural fibers have been investigated for use in plastics including flax, hemp, 

jute, straw, wood fiber, rice husks, wheat, barley, oats, rye, cane (sugar and bamboo), 

grass reeds, kenaf, ramie, oil palm empty fruit bunch, sisal, coir, water hyacinth, 

pennywort, kapok, paper-mulberry, raphia, banana fiber, pineapple leaf fiber and 

papyrus. Natural fibers have the advantage that they are renewable resources and have 

marketing appeal. The Asian markets have been using natural fibers for many years 

e.g., jute is a common reinforcement in India. Natural fibers are increasingly used in 

automotive and packaging materials. Pakistan is an agricultural country and it is the 

main stay of Pakistan‘s economy. Thousands of tons of different crops are produced but 

most of their wastes do not have any useful utilization. Agricultural wastes include 

wheat husk, rice husk, and their straw, hemp fiber and shells of various dry fruits. 

These agricultural wastes can be used to prepare fiber reinforced polymer composites 

for commercial use. This report examines the different types of fibers available and the 

current status of research. Many references to the latest work on properties, processing 

and application have been cited in this review. 
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1.3 Objectives of Ph. D. Research Work 

The aims of the present work are to produce chemically modified SGF as well as 

fabricate and to investigate SGF reinforced PLA composites that would be 

biodegradable and environment-friendly macro-composite materials. The scientific and 

technical information obtained by examining the physical, structural, morphological, 

mechanical and thermal properties as well as antibacterial activities of these materials 

can reveal their suitable applications as biomaterials and engineering requirements. The 

findings can exhibit potentials of SGF-PLA composites as replacement of traditional 

engineering materials. Based on these views, the following work plans are designed: 

1. Composite preparation 

i. Various concentrations (5, 10 and 15%) of sodium hydroxide (NaOH), acetic 

anhydride [(CH3CO)2O] and benzoyl chloride (C6H5COCl) to modify SGF will 

be maintained. 

ii. Chemically modified SGF were sonicated by an ultrasonic cleaner. 

iii. Treated SGF will be used to reinforce PLA for fabricating composite materials 

by solution method with the help of magnetic stirrer. 

iv. The variation of fiber volume (5 and 10 wt%) will also be maintained in 

composite fabrication. 

2. Physical properties test 

i. Diameter of the single SGF will be measured by an optical microscope (OM). 

ii. Density of SGF, PLA and composites will be measured.  

iii. Water absorption properties of the composites will be examined. 

iv. Degradation properties under soil of the composites will be observed. 

3. Structural properties test 

i. Chemical bonding with SGF will be examined by Fourier transform infrared 

(FTIR) spectroscopy.  

ii. Adhesion between the molecules of SGF and PLA will also be examined by 

FTIR spectroscopy. 

iii. Determination of crystalline structure of raw and chemically modified SGF, and 

composites will be performed by using X-ray diffractometry (XRD). 
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4. Mechanical test 

i. Mechanical properties such as tensile strength and Young‘s modulus of the raw 

and chemically modified SGF will be determined by the universal testing 

machine. 

ii. Tensile strength and Young‘s modulus of single SGF will be evaluated by 

Griffith model and Weibull distribution statistics. 

iii. Compressive strength of the raw and modified SGF reinforced PLA composites 

will be examined by the universal testing machine. 

5. Surface morphological test 

i. Field emission scanning electron microscopy (FESEM) of the fiber will be 

employed in order to observe the inner fibrillar structure of SGF.  

ii. FESEM of the compressed surfaces by compressive strength test of the 

composites will be carried out to study the adhesion between SGF and PLA. 

6. Thermal properties test 

i. Thermal degradation properties of the SGF and different composites will be 

monitored by a coupled differential thermal analyzer (DTA) and 

thermogravimetric analyzer (TGA). 

7. Antimicrobial test 

i. Antibacterial activities of the composites will be evaluated by agar disc 

diffusion method of Kirby-Bauer with slight modification against Gram-

negative bacteria (Escherichia coli) and Gram-positive bacteria (Staphylococcus 

aureus). 

ii. Cytotoxic effect of the samples will also be examined under an inverted light 

microscope after 72 hr of incubation. 

From the above mentioned studies, the following outcomes are expected: 

 Water absorption and degradation under soil test of the prepared composites 

will confirm their biodegradability. 

 New bonding between used chemicals and SGF as well as SGF and PLA, and 

crystalline structure of SGF and composites will be observed by structural tests.  
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 Adhesion between polymer matrix and SGF will be observed by surface 

morphological test. 

 The observed mechanical properties of single SGF, and SGF reinforced PLA 

composites can provide valuable information for their household, industrial and 

bio-medical applications. 

 Changes in melting and degradation temperatures of SGF and fabricated 

composites can reveal information of their thermal stability, and this 

information can unveil their particular thermal uses. 

 The observed antimicrobial properties of the fabricated composites can disclose 

information of their antibacterial activities and cytotoxic effect of non-cancer 

cell line in bio-medical applications.  

1.4 Thesis Layout 

Organization of this thesis is divided into following six chapters: 

Chapter One: This chapter contains the introduction part of the thesis presenting an 

overview to the natural fiber, sponge-gourd fiber and sponge-gourd fiber reinforced 

polymer composites. The essentiality of fiber-surface treatment is focused in this part. 

It is also focused on the review of recent research works related to the sponge-gourd 

fiber reinforced polymer composites and important reviews of polylactic acid based 

recent literatures. The aims or objective of the present research work and thesis layout 

is the important part of this chapter. 

Chapter Two: The theoretical background is the main component of this chapter. It 

contains concepts of composite materials, classification of composite, description on 

polymer and polymerization, and discussion on polylactic acid, natural fiber and 

especially sponge-gourd natural fiber. The physical and chemical properties as well as 

chemical composition of natural fibers are also stated here. 

Chapter Three: This chapter discusses the experimental details. It contains two main 

parts which are materials and methods. The part materials contain matrix and fillers of 

the composites. It also contains the equipment used for the composite fabrication. The 

other part is experimental methods which contain field emission scanning electron 

microscopy, FTIR spectroscopy, X-ray diffractometry, universal testing method, 

thermogravimetry, and agar diffusion method. 
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Chapter Four: This chapter consists of the results and discussion on the findings of 

different properties of sponge-gourd natural fiber and the sponge-gourd fiber reinforced 

polylactic acid bio-composites. The investigated physical properties are density 

measurement, water intake observation of the composites, degradation of the 

composites under soil, structural properties of fibers and composites by FTIR and 

XRD, mechanical properties such as tensile strength and modulus of single fibers and 

compressive strength of the composites, thermal properties measured by TGA, DTA 

and DTG of both fibers and the composites. It also contains information on 

antibacterial activity and cytotoxic effect of the composites. 

Chapter Five: This chapter includes conclusion which summarizes and concludes all 

the findings and different investigations narrated in results and discussion along with 

the suggestions for the future work.  

References are added at the end of each chapter. 

Finally the thesis is folded up with an appendix, contains publications of international 

journals, and proceedings and presentations of different conferences related to this 

thesis work. 
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THEORETICAL BACKGROUND 

2.1 Concepts of Composite Materials 

Composites are produced when two materials are joined to give a combination of 

properties that cannot be attained in the original materials [1]. 

 

 

 

The above diagram depicts how composites are prepared. It must have a matrix and 

reinforcement. Matrix may be metal, ceramic, polymer, and reinforcement may be 

organic and inorganic materials such as natural fibers, glass fibers, carbon nano-tube, 

metallic oxides etc. To understand the insight of composite materials, it is necessary to 

describe their classifications and to discuss their fabrication processes in details. 

Composite materials have been classified in many ways depending on the ideas and 

concepts that need to be identified. Useful and all embracing classifications are set out 

with some examples. Most naturally occurring materials exhibit their superb properties 

from a combination of two or more components, which can be distinguished readily, 

when examined in optical or electron microscopes. Thus, for example, many tissues in 

the body, which have high strength combined with enormous, flexibility, are made up 

of stiff fibers such as collagen embedded in a lower stiffness matrix. The fibers are 

aligned in such a way as to provide maximum stiffness in the direction of high loads 

and are also able to slide past each other so that the tissue is very flexible. Similarly, a 

microscopic examination of wood and bamboo reveals a pronounced fibril structure, 

which is very apparent in bamboo when it is fractured. It is not surprising that bamboo 

has been called natural fiber-glass. 

Practically, everything is a composite material in this world. Thus a common piece of 

metal is a composite (polycrystalline) of many grains (or single crystals). Such a 

definition would make thing quite unwieldy. Therefore, it must be agreed on an 

operational definition of composite materials for our purposes in this text. A material 

will be called as composite that satisfies the following conditions: 

Matrix 

Reinforcement    
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i) It is manufactured (naturally occurring composite, such as bamboo). 

ii) It consists of two or more physically and/or chemically distinct, suitably 

arranged or distributed phases with an interface separating them. 

iii) It has characteristics that are not depicted by any of the components in isolation. 

There is no really adequate definition of a composite material but the preceding 

discussion give some indication of the scope of the subject. In term of the approach to 

be adopted here, there are main points to be included in definition of an acceptable 

composite material for use in structural application: 

i) It consists of two or more physically distinct and/ or mechanically separable 

materials. 

ii) It can be made by mixing the separate materials in such a way that the 

dispersion of one material in the other can be done in a controlled way to achieve 

optimum properties. 

iii) The properties are superior, and possibly unique in some specific respects, to 

the properties of the individual components. 

The last point provides the main impetus for the development of composite materials. 

In fiber reinforced plastics, fibers and plastics with some excellent physical and 

mechanical properties are combined to give a material with a new and superior 

property. Fibers have very high strength and modulus but this is only developed in very 

fine fibers, with diameters in the range 7–15 m, and they are usually very brittle. 

Plastic may be ductile or brittle but they usually have considerable resistance to 

chemical environments. By combining fiber and resin a bulk materials is produced with 

a strength and stiffness close to that of the fibers and with the chemical resistance of the 

plastic. In addition, it is possible to achieve some resistance to crack propagation and an 

ability to absorb energy during deformation. 

2.2 Classification of Composite 

Generally, there are two kinds of composite materials: 

i) Natural composite materials 

ii) Synthetic composite materials. 

Broad classification of composite materials may be as under: 

i) Natural composite materials: Wood, Bone, Bamboo, Muscle and other tissue. 
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ii) Micro composite materials: Metallic alloys, e.g. steels, toughened 

thermoplastics, e.g., impact polystyrene, ABS, sheet-molding compounds, reinforced 

thermoplastics. 

iii) Macro composite materials: Galvanized steel, reinforced concrete beams and 

helicopter blade skis. 

2.3 Classification of Micro Composite Materials 

Micro composites include the following properties: 

1) Continuous fibers in matrix: aligned, random 

2) Short fibers in matrix: aligned, random 

3) Particulates (Spheres, plates, ellipsoids, irregular, hollow or solid) in matrix 

4) Dispersion strengthened, as for 3 above, with particle size <10-8 m 

5) Lamellar structures 

6) Skeletal or inter penetrating networks 

7) Multicomponent, fibers, particles etc. [1]. 

Composite materials can be classified based on reinforcement by the following ways: 

i) Fibrous  

ii) Laminar 

iii) Particulate. 

2.4 Matrix Based Composite Materials 

Depending on the type of matrix, composites are classified as: 

i) Polymer matrix composite (PMC) 

ii) Metal matrix composite (MMC) 

iii) Ceramic matrix composite (CMC) 

Polymer matrix composite: Certain physical and chemical properties of the matrix are 

particularly significant with respect to the properties at a composite. The main 

advantages conferred by polymer matrices are low cost, easy possibility, good 

corrosion resistance, good dielectric properties, and low density. Low strength, low 

stiffness and low service temperatures, on the other hand, limit their application. The 

primary functions of a matrix are to bind the reinforcing element together, distribute the 

loading among them, and protect the reinforcing system. This in turn presupposes good 

adhesion between matrix and reinforcement. 
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i) Metal matrix composite: As the name implies, for metal matrix composite 

(MMC). The matrix is a dilute metal. Their materials may be utilized at higher service 

temperatures than their base metal counterparts. Furthermore, the reinforcement may 

improve specific stillness, specific strength, abrasion resistance, creep resistance, 

thermal conductivity and dimensional stability. Metal matrix composites are much 

more expensive than PMC and therefore, their (MMC) use is somewhat restricted. The 

super alloys as well as alloys of aluminum, magnesium, titanium and copper are 

employed as matrix materials. Continuous fiber materials include carbon, silicon 

carbide, boron, alumina and the refractory metals. 

ii) Ceramic matrix composite: Ceramic materials are inherently resident to 

oxidation. Deterioration at elevated temperatures, are met for their disposition to brittle 

fracture and some of these materials would be ideal candidates for use in high 

temperature specifically for components in automobile and aircraft gas turbine engine. 

Fracture toughness values for ceramic materials are low and typically lie between 1 and 

5 MPa. Ceramic matrix composites may be fabricated using hot pressing, hot isolate 

pressing, and liquid phase sintering techniques. Relative applications sic, whisker-

reinforced aluminas are being utilized as culling two inserts for machinery hard metal 

alloys, and tool lives for these materials are greater than for cemented carbides [2]. 

According to the Composites Committee of German Society for Metallurgy, the 

following groups comprise the composite materials: 

(a) Fiber composite: Refractory whisker or polycrystalline fibers are imbedded 

into a matrix for improvement of mechanical properties. 

(b) Laminated composites: Metallic foils and foil-like structures respectively, as 

well as thin ribbons are imbedded into a matrix, or the composite is built up from layers 

of various materials or by layers made of laminates (i.e. foil, ribbons, sheet etc) and the 

matrix. 

(c) Material with surface layers: In contrast to the ideal materials these layers are 

very thin. They are applied by different methods and include points. The layer 

thickness ranges from a few m to 100m. They serve for corrosion and oxidation 

protections and improvement of wear, and impart other physical properties to the 

material surface. 
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(d) Particle composites: This group encompasses a wide range of materials. It 

includes for instance the embedding of nonmetallic inorganic particles for improvement 

of mechanical properties of matters (dispersion hardened metals) and also materials, 

which consists of non-metallic inorganic particles bound by a small metallic binder 

phase (hard metals). 

2.5 Polymer 

2.5.1 Definition 

A molecule has a group of atoms, which have strong bonds among themselves but 

relatively weak bonds to adjacent molecules. Examples of small molecules are water 

(H2O), methanol (CH3OH), carbon dioxide (CO2) and so on. Polymers contain 

thousands to millions of atoms in a molecule which is large; they are also called 

macromolecules; polymers are prepared by joining a large number of small molecules 

called monomers. Polymers can be thought of as big buildings and monomers as the 

bricks that go into them. Monomers are generally simple organic molecules containing 

a double bond or a minimum of two active functional groups. 

2.5.2 Classification of polymer 

Polymers are classified in many points of view. According to-  

i) Source 

ii) Nature of the backbone chain of polymers 

iii) Characteristic towards heat. 

iv) Ultimate nature 

v) Chemical structure 

vi) Method of synthesis 

vii) Composition and  

viii) Polarity. 

2.5.3 Types of polymer based on thermal response 

Based on thermal response, polymers are classified into the following two types [1]: 

i) Thermoplastic polymer 

ii) Thermosetting polymer 

Chapter: 2          Theoretical Background  
       



63 
 

i) Thermoplastic polymer: These polymers soften on heating and can be 

converted into any shape that they can retain on cooling. The process of heating, 

reshaping and retaining the same on cooling can be repeated several times. Polymers 

that soften on heating and stiffen on cooling are termed thermoplastics polymers (e.i. 

PLA, PVC, PE, PS etc.). 

ii) Thermosetting polymer: These polymers undergo some chemical change on 

heating and convert themselves into an infusible mass. They are like the yolk of the 

egg, which on heating sets into a mass, and once set, cannot be reshaped. Polymer, that 

became infusible and is soluble mass on heating are called thermosetting polymers. (e.i. 

phenolics, polyurethane, polyester, epoxy resin). 

Again, in terms of molecular structure different configurations of polymers are as 

follows: 

a) Linear polymer: This type of polymer consists of a long chain of atom with 

attached side groups. Example- polyethylene, polyvinyl chloride and polymethyl 

methacrylate. 

b) Branched polymer: Polymer branching can occur with linear, cross-linked or 

another type of polymer. 

c) Cross-linked polymer: In this case molecules of on chain are burned with 

those of another, cross-linking of molecular chain results in a three-dimensional 

network. Crosslinking make sliding of molecules past one another difficult. Thus 

making the polymers strong and rigid. 

d) Ladder polymer: If we have two-liner polymers linked in a regular manner, we 

get a ladder polymer not unexpectedly. Ladder polymers are more rigid that linear 

polymer. 

2.5.4 Types of polymer based on origin 

Depending on their origin, polymers can be grouped as- 

i) Natural polymer   

ii) Synthetic polymer 

Natural polymer: Those isolated from natural materials are called natural polymers. 

Typical examples of natural polymers are: cotton, silk, wool and rubber, cellophane, 

cellulose rayon and so on. 
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i) Synthetic polymer: Polymers synthesized from low molecular weight 

compound are called synthetic polymer. Typical examples of synthetic polymers are: 

PLA, PVC, polyethylene, nylon and Terylene. 

2.5.5 Organic and inorganic polymers 

Polymers are also classified as organic and inorganic polymers: 

i) Organic polymers: A polymer whose backbone chain is essentially made of 

carbon atom is termed an organic polymer. The atoms attached to the side valences of 

the backbone carbon atom are, however, usually those of hydrogen, oxygen, nitrogen 

etc. The majority of synthetic polymers are organic and they are very extensively 

studied. 

ii) Inorganic polymers: Generally the molecules of inorganic polymers contain no 

carbon atom in their chain backbone. Glass and Silicone rubber are example of 

inorganic polymers. 

2.5.6 Types of polymer based on modes of synthesis 

Polymers are in to the following groups when they are polymerized from monomers: 

i) Condensation polymer 

ii) Addition polymer 

i) Condensation polymer: Condensation polymers are those in which the 

molecule formula of the repeat unit of the polymer chains locks certain atoms present in 

the monomer from which it formed. 

So, condensation polymer in this process there occurs a stepwise reaction of molecule 

and each step a molecule of a simple compound generally water, form as a byproduct. 

ii) Addition polymer: Addition polymers are those in which this loss of a small 

molecule does not take place. The most important group of addition polymers includes 

those derived from unsaturated vinyl monomer. 

So, the addition polymer in the process monomers joins to form a polymer without 

producing any by-product. Addition polymerization is generally carried out in the 

presence of catalysts. The liner addition of ethylene molecules (–CH2–) results in 

polyethylene. 
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2.6 Polymerization 

The process of forming large molecules from small ones is called polymerization; that 

is polymerization is the process of joining many monomers as the basic building 

blocks, together to form polymers. 

Polymerization can be classified in the following way: 

i) Step Reaction Polymerization (Condensation) 

ii) Radical chain polymerization (Addition) 

iii) Ionic and coordination chain polymerization (Addition) 

iv) Copolymerization 

Polymerization can also be classified in the following way: 

a) Bulk polymerization 

b) Solution polymerization 

c) Emulsion polymerization 

d) Suspension polymerization 

e) Granulation polymerization 

a) Bulk polymerization: Polymerization in bulk, perhaps the most obvious method 

of synthesis of polymers, is widely practiced in the manufacture of condensation 

polymers, where the reactions are only mildly exothermic and most of the reaction occurs 

when the viscosity of the mixture is still low enough to allow ready mixing, heat transfer 

and bubble elimination. Control of such polymerization is relatively easy. Except in the 

preparation of casting, for example, of poly (methyl-methacrylate), bulk polymerization 

is seldom used commercially for the manufacture of vinyl polymers. 

b) Solution polymerization: Polymerization of vinyl monomers in solution is 

advantageous from the point of heat removal and control, but has two potential 

disadvantages. First, the solvent must be selected with care to avoid chain transfer and; 

second the polymer should preferably be utilized in solution, as in the case of poly 

(vinyl acetate) to be converted to poly (vinyl alcohol) and some acrylic ester finishes. 

Since the complete removal of solvent from a polymer is often difficult to the point of 

impracticality. 

c) Emulsion polymerization: The emulsifier and a water-soluble catalyst are first 

added to the water, followed by the monomer, which is dispersed by agitation, 

polymerization is then carried out by heating. Typical water-soluble catalysts suitable 
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for this reaction include hydrogen peroxide, ammonium per-sulphate and potassium 

per-sulphate. Emulsifiers may be axionic surface-active agents but the nonionic are 

favoured because of their greater stability. Acrylic emulsions so formed are used for 

leather coatings and in the manufacture of water based paints. 

d) Suspension polymerization: This method is very similar to emulsion 

polymerization and utilizes similar equipment. The monomer is added to water and 

broken into small droplets by agitation. A protective colloid is also added in order to 

prevent the possible coalescence of these droplets when polymerization is partially 

completed. Typical protective colloids include polyvinyl alcohol and sodium 

polyacrylate. In suspension polymerization, the reaction takes place in the monomer 

phase so that monomer-soluble catalysts must be used; the most common is being 

benzyl peroxide. The water acts as a heat transfer medium and the temperature of the 

bath remains constant. The product is obtained in the form of small beads, which are 

screened, washed and dried. 

e) Granulation polymerization: This process is on often used for the production 

of molding powders and is a variant of the suspension technique. Only a small amount 

of water is used, together with some lubricant and either a water or monomer soluble 

catalyst. Polymerization is carried out in a heavy-duty mixer with a single blade 

agitator. Continual kneading of the material during polymerization results in the 

formation of fluffy, granular particles. No emulsifiers or protective colloids are added 

and the product is thus extremely pure. 

2.7 Biodegradable Polymer 

Biodegradable polymers are a specific type of polymer that breaks down after its 

intended purpose to result in natural byproducts such as gases (CO2, N2), water, 

biomass, and inorganic salts. These polymers are found both naturally and synthetically 

made, and largely consist of ester, amide, and ether functional groups. Their properties 

and breakdown mechanism are determined by their exact structure. These polymers are 

often synthesized by condensation reactions, ring opening polymerization, and metal 

catalysts. There are vast examples and applications of biodegradable polymers. 

2.7.1 Overall classification of biodegradable polymer 

Biodegradable polymer can be classified as: 
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1. Unmodified polymers that are naturally susceptible to microbial-enzyme attack,  

2. Synthetic polymers, primarily polyesters, and 

3. Naturally biodegradable polymers that have been modified with additives and 

fillers.  

Naturally biodegradable polymers produced in nature are renewable. Some synthetic 

polymers are also renewable because they are made from renewable feed stocks, for 

example poly lactic acid (PLA) is derived from agricultural feed stocks. Fig. 2.1 shows 

a flowchart of how biodegradable polymers are obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1: Classification of biodegradable polymer. 

The present thesis contains composites fabrication with PLA and natural fibers. 

Therefore, it is necessary to discuss about PLA and natural fibers in the following 

sections. 

2.8 Polylactic Acid (PLA) 

Polylactic acid or polylactide (PLA) belongs to the family of aliphatic polyesters 

commonly made from α-hydroxy acids, which include polyglycolic acid or 

polymandelic acid, and are considered biodegradable and compostable. It is derived 

from renewable resources, such as corn starch (in the United States), tapioca roots, 
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chips or starch (mostly in Asia), or sugarcane (in the rest of the world). It is a bio 

derived synthetic biodegradable polymer (Semi-synthetic). 

PLA is a thermoplastic, high-strength, high-modulus polymer that can be made from 

annually renewable resources to yield articles for use in either the industrial packaging 

field or the biocompatible/bioabsorbable medical device market. It is easily processed 

on standard plastics equipment to yield molded parts, film, or fibers [3].  

It is one of the few polymers in which the stereochemical structure can easily be 

modified by polymerizing a controlled mixture of the L- or D-isomers to yield high- 

molecular-weight amorphous or crystalline polymers that can be used for food contact 

and are generally recognized as safe [4]. PLA is degraded by simple hydrolysis of the 

ester bond and does not require the presence of enzymes to catalyze this hydrolysis. 

The rate of degradation is dependent on the size and shape of the particle, the isomer 

ratio, and the temperature of hydrolysis [3]. The cycle of PLA in nature with synthesis 

and hydrolysis is shown in Fig. 2.2 [5]. 

 
Fig. 2.2: The cycle of PLA in nature. 
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In order for PLA to be processed on large-scale production lines in applications such as 

injection molding, blow molding, thermoforming, and extrusion, the polymer must 

possess adequate thermal stability to prevent degradation and maintain molecular 

weight and properties. PLA undergoes thermal degradation at temperatures above 

200°C (392°F) by hydrolysis, lactide reformation, oxidative main chain scission, and 

inter- or intramolecular trans-esterification reactions. PLA degradation is dependent on 

time, temperature, low-molecular-weight impurities, and catalyst concentration [6]. 

Catalysts and oligomers decrease the degradation temperature and increase the 

degradation rate of PLA. In addition, they can cause viscosity and rheological changes, 

fuming during processing, and poor mechanical properties. 

PLA homopolymers have a glass-transition and melt temperature of about 55°C and 

175°C, respectively. They require processing temperatures in excess of 185–190°C. At 

these temperatures, molecular weight, as well as thermal degradations, are unzipping 

and chain scission reactions leading to loss of molecular weight, as well as thermal 

degradations, are known to occur. Consequently, PLA homopolymers have a very 

narrow processing window. The most widely used method for improving PLA 

processability is based on melting point depression by the random incorporation of 

small amounts of lactide enantiomers of opposite configuration into the polymer (i.e., 

adding a small amount of D-lactide to the L-lactide to obtain PDLLA). Unfortunately, 

the melting point depression is accompanied by a significant decrease in crystallinity 

and crystallization rates [7]. 

High-molecular-weight PLA is a colorless, glossy, stiff thermoplastic polymer with 

properties similar to polystyrene (PS). The amorphous PLA is soluble in most organic 

solvents such as tetrahydrofuran (THF), chlorinated solvents, benzene, acetonitrile, and 

dioxane. From solubility studies done at the USDA-ARS-NCAUR, the PLA supplied 

by Cargill was soluble in benzene, chloroform, 1,4-dioxane, and THF. The most 

appropriate solvent found so far to date for  Multi-Angle  Laser  Light  Scattering  

(MALLS) is 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). This is due to the acceptable 

difference in refractive index values between PLA (1.44) and HFIP (1.275). PLA, 

contrary to what is reported in the literature, is insoluble in acetonitrile. Crystalline 

PLA is soluble in chlorinated solvents and benzene at elevated temperatures. 
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PLA can be crystallized by slow cooling, annealing it above the Tg, or strain 

crystallized [3]. It also can be a well-behaved thermoplastic with a reasonable shelf life 

for most single-use packaging applications and, when disposed of properly, will 

hydrolyze to harmless, natural products. It could be a technical and economic solution 

to the problem of the eventual disposal of the very large amount of plastic packaging 

used in USA. 

PLA has a degradation time in the environment on the order of six months to two years, 

which compares to 500 to 1000 years for conventional plastics such as polystyrene (PS) 

and polyethylene (PE) [8]. The basic building block of PLA is lactic acid (LA), which 

was first isolated in 1780 from sour milk by the Swedish chemist Scheele and first 

produced commercially in 1881 [3]. Food-related applications are the major use of LA 

in the United States and account for about 85% of the commercially produced product. 

It is used as a buffering agent, acidic flavoring agent, acidulant, and bacterial inhibitor 

in many processed foods. LA can be manufactured either by carbohydrate fermentation 

or chemical synthesis, although fermentation predominates [9–11]. Images for 

biodegradation of PLA materials in environment are shown in Fig. 2.3. 

 
Fig. 2.3: Images for biodegradation of PLA materials. 

Lactic acid (2-hydroxypropionic acid) is the simplest hydroxy acid with an asymmetric 

carbon atom and exists in two optically active configurations. The L(+)-isomer  is  

produced  in  humans  and  other  mammals, whereas both the D(−) and L(+)-

enantiomers are produced in bacterial systems. The majority of the world‘s 

commercially produced lactic acid is made by the bacterial fermentation of 
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carbohydrates, using homolactic organisms such as various optimized or modified 

strains of the genus Lactobacilli, which exclusively form lactic acid. The organisms 

that predominantly yield the L(+)-isomer are Lactobacilli amylophilus, L. bavaricus, L. 

casei, L. maltaromicus, and L. salivarius. Strains such as L. delbrueckii, L. jensenii, or 

L. acidophilus yield the D-isomer or mixtures of both [3]. These bacteria are classified 

as homofermentive, produce lactic acid through the Embden-Meyerhof pathway, and 

convert as much as 1.8 mole of lactic acid per mole of hexose (>90% yield lactic acid 

from glucose). These strains yield high carbon conversions from feed stocks at standard 

fermentation conditions, such as relatively low to neutral pH, temperatures around 

40oC, and low oxygen concentrations [12]. The structural unit of PLA and steps of PLA 

formation are shown in Fig. 2.4. 

 
(a) 

 
(b) 

Fig. 2.4: (a) Structural unit of PLA and (b) Steps of PLA formation. 

2.8.1 Synthesis of PLA 

PLA can be synthesized by four ways as following: 

 By condensation of lactic acid. 

 By ring-opening polymerization of lactic acid. 

 Use of chain extenders. 

 From petrochemical feedstocks. 
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There are several industrial routes to synthesize usable (i.e. high molecular weight) 

PLA. Two main monomers are used: lactic acid, and the cyclic di-ester, lactide. The 

most common route to PLA is the ring-opening polymerization of lactide with various 

metal catalysts (typically tin octoate) in solution, in the melt, or as a suspension. 

Another route to PLA is the direct condensation of lactic acid monomers. This process 

needs to be carried out at less than 200°C; above that temperature, the entropically 

favored lactide monomer is generated. The rout of ring-opening polymerization and 

direct polymerization is shown in Fig. 2.5 and 2.6, respectively. 

 

Fig. 2.5: Ring-opening polymerization. 

 
Fig. 2.6: Direct polymerization. 

2.8.2 Properties of PLA 

The important physical and chemical properties of PLA are introduced in Table 2.1, 

and the mechanical and thermal properties are inserted in Table 2.2. 

Table 2.1: Physical and chemical properties of PLA. 

Physical properties Chemical properties 

Density (g/cm3) 1.24  Solubility in water Insoluble 

Bulk density of pellets (g/cm3) 0.705  PLA is soluble in- Chlorinated solvents, 

hot benzene, 

tetrahydrofuran and 

dioxane. 

Bulk density of  sheets (g/cm3) 0.593   

Moisture recovery ratio (%) 0.4–0.6  
 

Crystallinity (%) 37 
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Table 2.2: Mechanical and thermal properties of PLA. 

Mechanical properties Thermal properties 

Max Tensile strength, max 41 MPa Glass transition temp., Tg 60–65°C 

Tensile strength at Yield 37 MPa Melting temperature, Tm 173–178°C 

Tensile modulus, TM 2.7–16 GPa Drying temperature 40–90°C 

Tensile elongation 1.8 % Drying time 68 hr 

* Heat-resistant PLA can withstand temperatures of 110°C. 

2.8.3 Application of PLA 

Natural PLA are used in different manufacturing company for preparing household 

commodities as well as medical implant purposes. Fig. 2.7 shows the commercially 

manufacturing process of PLA. 

 

Fig. 2.7: Commercially manufacturing of PLA. 
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Some important applications of PLA are introduced here- 

 Being able to degrade into innocuous lactic acid, PLA is used as medical 

implants in the form of anchors, screws, plates, pins, rods, and as a mesh. 

 PLA can also be used as a compostable packaging material, either cast, 

injection-molded, or spun.  

 Cups and bags have been made from this material.  

 It is useful for producing loose-fill packaging, compost bags, food packaging, 

and disposable tableware.  

 Useful in the form of fibers and non-woven textiles. 

 It has many potential uses, for example as upholstery, disposable garments, 

awnings, feminine hygiene products, and diapers. 

 PLA is also used as a feedstock material in 3D printers. 

 

Fig. 2.8: Some essential products produced from PLA. 
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PLA is commercially manufactured in the USA and in Japan.  It can be made into 

consumer items as diverse as disposable plates and cups, packaging and clothing.  The 

lactic acid used to make it is derived from corn.  The process used to make it involves 

both biotechnology and chemistry. Fig. 2.8 shows some essential products produced 

from PLA. 

2.9 Classification of Fibers 

2.9.1 Economic classification of fibers 

It is possible to classify fibers in six groups based on their utilization, as follows: 

i) Textile fibers:  The most important use of fibers at the present time is in 

connection with the textile industry, which is concerned with the manufacture of 

fabrics, netting, and cordage. In making fabrics and netting, flexible fibers are twisted 

together into thread or yarn and then oven, spun, knitted, or otherwise utilized. Fabrics 

include cloth for wearing apparel, domestic use, awnings, sails, etc., and also coarser 

materials such as gunny and burlap. The fabric fibers are all of commercial importance. 

Netting fibers, which are used for lace, hammocks, and forms of net, include many of 

the commercial fabric fibers and a host of native fibers as well. 

ii) Brush fibers:  These are tough and stiff fibers, or even twigs and small stems, 

which are utilized in the manufacture of brushes and brooms. 

iii) Plaiting and rough weaving fibers: Plates are flat, pliable, fibrous strands 

which are interlaced to make straw hats, sandals, basket, chair seats and the like. More 

elastic strands are roughly woven together of mettings and thatched roofs of houses, 

while supple twigs or woody fibers are used for basket, chairs etc. 

iv) Filling fibers: These fibers are used in upholstery and for stuffing mattresses, 

cushions, etc.; for caulking the seams vessels and in casks and barrels, and stiffening in 

plaster; and as packing materials. 

v) Natural fibers: These are usually tree basts, which are extracted from the bark 

in layers or sheets & pounded in to rough substitutes for cloth or lace. 
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vi) Paper making fibers: Paper making fibers include wood fibers, textile fiber 

utilized in either the raw or manufactured state, or many other kinds. It is obvious that 

any one plant cannot be restricted absolutely to any single group in this economic 

classification, since the same fiber may be used for different purposes and since the 

plant may yield more than one kind of fiber. 

2.9.2 Classification of organic fibers 

Organic fibers are divided into two main groups; natural fibers and man-made fibers. In 

view of the fact, the chain covalent carbon-carbon bond is a very strong one. It is 

expected linear chain polymers such as polyethylene to be potentially very strong and 

stiff. Their chemical nature and the processing route control the orientation of these 

polymer chains with respect to the fiber axis and the manner in which they fit together. 

There are two ways of achieving molecular orientations, one without high molecular 

extension and the other with high molecular extension. Organic fibers classification 

chart is given in Fig. 2.9. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9: Fibers classification chart. 
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2.10 Natural Fiber 

2.10.1 Definition 

These fibers are naturally obtained from different types of plants. The vegetable world 

is full of examples where cells on groups of cell are designed for strength and stiffness. 

A sparing use of resources has resulted in optimization of the cell function. Cellulose is 

a natural polymer with high strength and stiffness per weight, and it is the building 

material of long fiber cells. These cells can be found in the stem, the leaves, or the 

seeds of plants.  

2.10.2 Different types of natural fibers 

 Bast fibers (flax, hemp, sponge-gourd, kenaf, ramie/china glass, etc.): In 

general the bast consists of a wood core surrounded by a stem. Within the stem there 

are a number of fiber bundles, each containing individual fiber cells or filaments. The 

filaments are made of cellulose and hemi-cellulose, bonded together by a matrix, which 

can be lignin or pectin. The pectin surrounds the bundle, thus holding them on to the 

bundle. Flax delivers strong and stiff fibers and it can be grown intemperate climates. 

The fibers can be spun to fine yarn for textile and other bast fibers are grown in warmer 

climates. The most common is sponge-gourd, which is cheap and has a reasonable 

strength and resistance to rot. Sponge-gourd is mainly used as body washer or bathing 

sponge. As far as composite applications are concerned; flax and hemp are two fibers 

that have replaced glass in a number of components, especially in the German 

automotive industries. 

Leaf fibers (sisal, abaca, banana, palm, etc.): In general the leaf fibers are coarser 

than the bast fibers. Applications are ropes and coarse textiles; within the total 

production of leaf fibers, sisal is the most important. It is obtained from the agave plant. 

The stiffness is relatively high and it is often applied as binder twines. As far as 

composites are concerned, sisal is often applied with flax in hybrid mats to provide 

good permeability when the mat has to be impregnated with a resin. In some interior 

application sisal is preferred because its low level of small compared to fiber like flax. 

Especially manufacturing process at increased temperatures (NMT) fibers like flax can 

cause smell [13]. 
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 Seed fibers (cotton, coir, kapok, etc.): Cotton is the most common seed fiber 

and is used for textile all over the world. Other seed fibers are applied in less 

demanding application such as stuffing of upholstery. Coir is an exception to this. Coir 

is the fiber of the coconut husk; it is a trick and coarse but durable fiber. Applications 

are ropes, meeting and brushing. 

NFs already have been used the first time 3000 years ago in composite systems in the 

ancient Egypt, where straw and clay were mixed together to build walls. Over the last 

decade, polymer composites reinforced with NFs have received ever increasing 

attention, both from the academic world and from various industries. There is a wide 

variety of different NFs which can be applied as reinforcement or fillers [14]. 

2.10.3 Advantages of natural fibers 

The advantages of different natural fibers are- 

 Low specific weight, which result in a higher specific strength and stiffness than 

glass fibers. This is a benefit especially in parts designed for bending stiffness. 

 It is a renewable resource, the production requires little energy, CO2 is used 

while oxygen is given back to the environment.  

 Predicable with low investment at low cost, which makes the material an 

interest, produced for low wage countries. 

 Thermal recycling is possible, where glass causes problem in combustion 

furnaces.  

 Good thermal and acoustic insulating properties. 

2.10.4 Disadvantages of natural fibers 

The disadvantages of different natural fibers are- 

 Lower strength properties, particularly its impact strength. 

 Variable quality, depending on unpredictable influences such as weather. 

 Moisture absorption, which eases swelling of the fibers. 

 Restricted maximum processing temperature. 

 Low durability, fiber treatment can improve this considerably. 

 Poor fire resistance. 

 Price can fluctuate by harvest results or agricultural politics. 
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2.10.5 Important properties of natural fibers 

Most important properties of some NFs are given below: 

 Good strength: Very good strength properties, especially tensile strength. In 

relation to its weight the best bast fibers attain strength similar to that of Kevlar. 

 Combustibility: From a waste point of view, combustibility is an advantage. 

Products can be disposed of through burning at the end of their useful service lives and 

energy can simultaneously be generated. 

 Biodegradability: As a result of their tendency to absorb water, fibers will 

biodegrade under certain circumstances through the actions of fungi and/or bacteria. 

 Dimensional stability: As a consequence of the hygroscopicity of the fibers, 

products and materials based on plant fibers are not dimensionally stable under 

changing moisture conditions. This is the greatest disadvantage in relation to industrial 

use of plant fibers. However, if necessary, this may be controlled at an extra cost by a 

number of known treatments (e.g., heat treatments or chemical modification 

procedures). 

 Reactivity: The hydroxyl groups present in the cell wall constituents not only 

provide sites for water absorption but also available for chemical modification (e.g., to 

introduce dimensional stability, durability, or improved oil/heavy metal absorption 

properties). 

 Very good heat, sound and electrical insulating properties. 

2.10.6 Structure of fibers 

All plant species are built up of cells. When a cell is very long in relation to its width it 

is called a fiber. For example, wood fibers are mostly 50-100 times as long as they are 

wide. The fiber is like a microscopic tube (i.e., a wall surrounding a central void 

referred to as the lumen). Moreover, when the cell wall is made up mainly (85% or 

more) of cellulose, hemicellulose and lignin, we talk about lignocellulosic fibers, and 

this includes woody species, scrubs and most agricultural crops.  
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2.11 Chemical Composition of the Natural Fibers 

The properties of NFs largely depend on the chemical composition of the fiber and the 

properties of composites made from NFs are strongly influenced by these fiber 

properties. It is evident from the composition of NF that the main constituents are -

cellulose, hemicellulose, and lignin and the rest are very little influence to the structure 

of NFs. The chemical compositions comparison of some important natural fibers are 

shown in Table 2.3. 

Table 2.3: The chemical compositions of some important natural fibers. 

Constituents 
Amounts (%) (dry basis) 

SGF Jute Fiber Banana Fiber Palm Fiber 

Holocelullose 55 – 90 82 82 69.3 

-Cellulose 55 – 90 60 63 38.4 

Hemicellulose 8 – 22 22 19 30.9 

Lignin 10 – 23 12 5 27.3 

Cellulose: Cellulose pertains to the class of carbohydrates. It contains 44.4 % of carbon, 

6.2 % of hydrogen and 49.4 % of oxygen [15]. Cellulose is the principal constituent of all 

plant life. It is a linear polymer of anhydroglucose units linked in 1 and 4 position by a -

glucoside links. The empirical formula of cellulose (C6H10O5)n corresponds to a 

polyanhydride of glucose. The two terminal glucose residues of a cellulose molecule 

contain two different end groups; one contains a reducing hemiacetal group in the position 

C1, and is therefore, known as the reducing end group, whereas the other contains an extra 

secondary hydroxyl group in the position C4 and is known as the non-reducing end group. 

There are two secondary and one primary alcoholic hydroxyl groups in each basic 

anhydro-D-glucose unit (C6H10O5)n, which are arranged in positions 2, 3 and 6 

respectively, on the basic unit. The reactivity of the hydroxyl groups varies in different 

reactions. In many reactions (mainly esterification) the primary hydroxyl groups have a 

greater reactivity. The two secondary hydroxyls, at the second and third carbon atoms, 

differ somewhat in their reactivity. The primary hydroxyls of cellulose elementary units 

are responsible for the dye ability of cellulose materials. Cellulose is highly stereo 

specific. The high hydroxyl content of cellulose might suggest high water solubility. 

Chemical structure of cellulose is shown in Fig. 2.10 [16]. 
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Fig. 2.10: Chemical structure of cellulose. 

This is because of stiffness of the chains and hydrogen bonding between hydroxyl 

groups of adjacent chain as shown in Fig. 2.11 [17, 18]. Besides hydrogen bonding, 

another type of linkages called "Semiacetal linkages" is present between the adjacent 

chain molecules of cellulose [19].  

 

Fig. 2.11: Hydrogen bonding in adjacent chains. 

From X-ray diffraction diagram, it has been concluded that cellulose has two regions: 

crystalline and amorphous. In the amorphous region the polymer chains end to be folded, 

and consequently, they will have rather different properties the crystalline region. It is in 

disordered regions that the most of the chemical reactions take place with cellulose. 

Again, polymeric fibers are never completely crystalline. This interconnection of 

crystalline and amorphous regions enhances the strength of the polymer [17]. 
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Fig. 2.12: Hydrogen bonding of cellulose. 

Fig. 2.12 shows the hydrogen bonding system in cellulose i.e. the main constituent of 

the natural fiber [20]. The thinner lines mean the in-plan; the thicker lines denote above 

plan and the dashed line signifies the position of atoms of cellulose molecule. Two 

types of hydrogen bonding have been identified in cellulose namely intermolecular and 

intramolecular type. These differences in hydrogen bonding mean that the surface 

chains have some freedom to move. The lack of intramolecular hydrogen bonding in 

the surface chains also means that they can form more hydrogen bonds to water or 

adjacent polysaccharides. It is an anomaly that cellulose α and β, with more 

intramolecular hydrogen bonding, cannot form as many hydrogen bonds from chain to 

chain as the surface form of cellulose, yet the chains within a crystalline unit are held 

together with spectacular tenacity. 

Hemicellulose: Hemicellulose is a group of cell wall polysaccharides. The isolated 

hemicelluloses are amorphous substances. The cellulose and lignin of plant cell walls 

closely interpenetrated by a mixture of polysaccharides called hemicellulose. It is 

soluble in dilute alkali and they are readily hydrolyzed to pentose and hexose with 

some ureic acids. Xylose linked with methyluronic acid formed the basic building units of 

hemicellulose in SG. It appeared that six xylose units are linked with 1-methyl glucuronic 

acid units. The structure of the repeating unit of SG hemicellulose 3-methylxy 

galactouronic acid linked with xylose units as shown in Fig. 2.13 [21]. The hemicellulose 

is relatively short chain compounds and, therefore, occupies longitudinally the same 

space as the anhydroglucose unit in cellulose chain. The short chain polysaccharides 

would, therefore, pack rigidly into the oriented cellulose structure between which some 

cross bridging or looping may also occur. 
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Fig. 2.13: The structure of the repeating unit of hemicellulose 

Lignin: Most plant tissues contain, in addition to carbohydrate and extractives, an 

amorphous polymeric gummy material, called lignin [22, 23]. The nature of lignin and its 

relationship to cellulose and other constituents of fiber are still uncertain. Unlike cellulose 

and hemicellulose, lignin gives a series of color reactions, which indicate the presence of 

compounds for which these reactions are typical. Isolated lignin is generally an 

amorphous material having average high molecular weight. Lignin is an insoluble, resin 

like substance of phenolic character. It is built up to a large extent, of phenyl propane 

building stones, often having a hydroxyl group in the para position and methoxyl 

group/groups in meta position/positions to the side chain. Besides, there may be carbon to 

carbon or carbon to oxygen bonds joining the aromatic ring to the portions of structure. 
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Fig. 2.14: Overall structure of lignin. 

The lignin molecule, thus being polyfunctional due to the presence of alcoholic and 

phenolic hydroxyl groups, may exist in combination with two or more neighboring chain 

molecules, cellulose or hemicellulose, serving the function of a cross-linking agent as 

shown in Fig. 2.14. Postulated monomer in lignin is shown in Fig. 2.15 [24]. 
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Fig. 2.15: Structural unit of lignin. 

The alkali sensitive linkage is an ester type of combination existing between hydroxyl 

groups of lignin and carboxyl groups of ironic acids of hemicelluloses. The other one is 

being lived to be of ether or similar types occurring through the hydroxyl grouped of 

lignin. 

2.12 Association of Cellulose, Hemicellulose and Lignin 

There is no conclusive proof with regard to the chemical union of hemicellulose with 

cellulose in the SG fiber. The opinion is that hemicellulose, except xylan, cannot enter 

into cellulose crystallites due to spacing difficulty. The cellulosans, mainly xylan, 

associated with the true cellulose in the cellulosic structure, are relatively short chain 

compounds, and occupy longitudinally the same space as the glucose units in the 

cellulosic chains. Xylan and cellulose are laid as a mixed crystallite structure probably 

with incrusting cement consisting of lignin and hemicellulose [25]. It was elsewhere 

reported that a trisaccharide "gluco-xylo-arabinose" was isolated from delignified SG 

holocellulose supporting some chemical bonding affinity between cellulose and 

hemicellulose. But physical data from XRD study do not appear to justify any chemical 

union between cellulose and hemicellulose. Regarding the possibility of cellulose-

lignin combination, the view is that the lignin cannot enter the cellulose crystallite due 

to the same spacing difficulties, but a   small amount of lignin is intimately   associated   

at the cell wall boundaries of cellulose [26]. Chemical union exists between lignin and 

hemicellulose and it is the ester type linkage between the alcoholic hydroxyl group of 

lignin and the carboxyl group of polyuronic acid of hemicellulose, and ether type 

linkage between phenolic hydroxyl group of lignin and hydroxyl group of 

hemicellulose [27]. 

Hemi-COOH + OH-Lignin                 Hemi-COO-Lignin;    ester linkage 

Hemi-OH + OH-Lignin                 Hemi-O-Lignin;          ether linkage 
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A conceptual image of association of Cellulose, Hemicellulose and Lignin of SG natural 

fiber is shown in Fig. 2.16. Different chemical compositions associated with SG natural 

fibers are shown in Fig. 2.17 [28]. 

 

Fig. 2.16: Association of Cellulose, Hemicellulose and Lignin of SG natural fiber. 

 

Fig. 2.17: Chemical composition of SG natural fiber. 
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2.13 Physical Properties of Natural Fiber 

Physical properties of fiber such as breaking strength, extensibility, flexibility and 

moisture absorption etc. all depend on a number of factors of which the length of the 

fiber molecules, the mode of alignment amongst them and the nature and intensity of 

inter chain cohesive forces are important. In pure cellulose fiber the lateral cohesive 

forces including hydrogen bonds have maximum intensity in the crystalline regions, 

where the chain molecules are arranged in a more organized manner. The crystalline 

portions contribute in the strength and rigidity of fibers, while amorphous portions, 

which allow a better freedom of movement of the chain molecule account for 

extensibility, flexibility and moisture affinity. The non-crystalline region of cotton tree 

is contributed to a considerable extent to its strength by the cross-linkages of 

incrustants, which are distributed entirely in the amorphous regions. If these cross-

linkages are ruptured, appreciable loss of wet strength of the fiber results [29]. 

2.14 Chemical Properties of Natural Fiber 

Natural plant fiber like SG, sisal, banana, palm fiber is a lingo-cellulose or leaf fiber 

which properly speaking, compound of cellulose with lignin. Unlike pure cellulose 

fiber, it is highly reactive towards various chemical reagents such as acids alkalis and 

oxidizing reagents and the higher reactivity arises mainly from the non-cellulosic 

constituents of the fiber, namely hemicellulose and lignin. Lignin is unhydrolysable by 

acids readily oxidizable and soluble in hot alkali while strong mineral acids to water 

soluble sugars are relatively resistant to oxidizing agents easily hydrolyze 

carbohydrates. This fiber is highly susceptible to the action of light, the main features 

of the photochemical changes being loss of tensile strength and development of a 

yellow or brown color. The degradation caused by light to this fiber has been found to 

the greatest amongst all natural cellulose fibers. The reactions involved in photo-

chemical degradation of textiles are mainly oxidative in nature and on prolongs 

exposure to light the constituent chain molecules are gradually oxidized in all possible 

manners and ultimately broken down to smaller fragments as a result the tensile 

strength of the fiber is adversely affected. It has been observed that all the main fiber 

components including cellulose superior degradation and the components lignin and 

hemicellulose is much reactive to light. Due to the influence of light ligneous residues 

(phenolic group) are into color quinoid derivatives resulting in yellow or brown color. 

It is established that lignin is responsible for yellowing of fibers.  
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2.15 Sponge-gourd Fiber (SGF) 

Luffa cylindrica or Loofah or luffa or vegetable sponge or sponge-gourd, is a member 

of the Cucurbitaceae family. Sponge-gourd (SG) is closely related to and has similar 

cultural requirements as the cucumber. It is an annual climbing vine, which produces a 

fruit containing a fibrous vascular system. When separated from the skin, flesh and 

seeds, the fiber network can be used as a bathroom sponge. SG can also be used as 

packing material, for making crafts, and as filters. Used as a bath sponge it produces a 

mild glow on the skin. The blood circulation the sponge induces on the skin has been 

credited as a relief for rheumatic and arthritic sufferers. The versatility of the SG goes 

beyond producing sponges. The young fruit, when small, (around 6 inches) are 

delicious used in soup or stew. They can also be cooked like summer squash. Older 

fruit have been reported to develop purgative chemicals. Because SG has a compact 

network of close fibers, its resiliency makes it useful for many products like filters, 

slipper soles, baskets. Small pieces of SG are good for scraping vegetables like carrots 

without having to remove the valuable nutrients by peeling them. Anyone can also 

wash dishes, scrub their tub, etc. with SG, because SG is environmentally safe, 

biodegradable and a renewable resource. SG requires a very long growing season in 

order to mature into dried sponges. It is cold sensitive. The seed should be sown outside 

after the ground is thoroughly warm in the spring and all danger of frost is past. For 

faster germination, scrape the seed coat with a nail file before soaking overnight or 

soak for 24 hours. Seeds may be started in peat pots about three weeks prior to moving 

them outside. Be patient if seeds are slow to sprout– that is the characteristic of luffa. 

SG's grow best in full sun in a well prepared bed. Plant seeds 8–12" apart along a fence, 

or in hills of 3 or 4 seeds 0.5" deep with hills 4 to 6 feet apart. SG needs plenty of 

moisture while growing. It prefers a pH of around 6.0 to 6.8. It is necessary to water 

deeply and covers the bed with mulch and keep the mulch away from the stem. 

Excessive water can result in poor growth and root disease. Damping off can be a 

problem with young seedlings if growing in cool wet conditions, and fruit rots may 

cause losses if the fruit are allowed to grow on the ground. Gourds are heavy feeders 

and require fertile soil. Due to low density of sponge-gourd fiber (SGF) combined with 

relatively stiff and strong behavior; the specific properties of SGF can be compared to 

those of glass and some other fibers. Different steps of obtain SG single fibers and 

powder-SGF from sponge-gourd plant are shown in Fig. 2.18. 
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Fig. 2.18: Steps of obtain SG single fibers and powder SGF from sponge-gourd plant. 
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The specific properties of SGF are introduced in Table 2.4. The physical and chemical 

properties of SGF are also given in Table 2.5. 

Table 2.4: Specific properties of SGF in comparison with other fibers. 

Fiber 
Density 

(g/cm3) 

Tensile 

Strength 

(MPa) 

Young‘s 

Modulus 

(GPa) 

Elongation 

at break 

(%) 

Specific 

Tensile 

Strength 

(MPa/gcm-3) 

Specific 

Young‘s 

Modulus 

(GPa/gcm-3) 
SGF 0.82±0.1 50-200 3-6 5-10 56-250 3.5-9 

Jute 1.3-1.45 393-773 13-26.5 1.16-1.5 286-562 9-19 

Flax 1.5 345-1100 27.6 2.7-3.2 230-773 18 

Ramie 1.5 400-938 61.4-128 1.2-3.8 267-625 41-85 

Sisal 1.45 468-640 9.4-22.0 3-7 323-441 6-15 

Coir 1.15 131-175 4-6 15-40 114-152 3-5 

E-glass 2.5 2000-3500 70 2.5 800-1400 28 

S-glass 2.5 4570 86 2.8 1828 34 

Table 2.5: Physical and chemical properties of SGF from literature. 

Physical properties of SG natural fiber Chemical properties of SG natural fiber 

Density (g/cm3) 0.82 ± 0.10 Cold water solubility (%) 4.50 

Diameter (mm) 0.20 – 0.60 Hot water solubility (%) 3.30 

Aspect ratio 340 ± 5 1% NaOH solubility (%) 16.38 

Microfibrillar angle (o) 12 ± 2 
Alcohol-Benzene solubility (%) 0.25 

Ash content (%) 0.4 ± 0.10 

SGF is the least expensive of fibers in large-scale use. It is available in a wide variety 

of weights, wide and constructions and may be dyed rot-proofed, coated, laminated or 

blended with other fibers, to meet special requirements. Specific gravity of SGF is 

much less than that of glass fiber. SGFs are weaker than those of linen. The fibers are 

very short but lustrous and smooth. Because SGF is affected chemical bleaches, it can 

never be made pure white. It is not very durable and is very much weakness by 

dampness. Like cotton it is attacked by light. 
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2.15.1 Advantages of using SGF as reinforcing materials 

 It is lower in cost. 

 Since the specific gravity of SGF is much less than that of glass fiber. The cost 

advantages per unit volume are further enhanced. 

 The specific gravity of a SGF/epoxy laminate can be up to 25% less than that of 

a glass/epoxy construction that saves weight. 

 The use of woven material ensures uniformity of reinforcement thickness 

throughout the area of the laminate. 

 SGF/epoxy laminate and a glass/epoxy laminate of the same dimensions will 

have equal stiffness, but the SGF /epoxy laminate will be lighter and will cost 

less. 

SGF reinforcement is therefore a means of providing structural rigidity with low weight 

and low cost. It can be used to reinforce both thermosetting and thermoplastic matrices. 

Thermosetting resins, such as epoxy, polyester, polyurethane, phenolic, etc. are 

commonly used today in NF reinforced composites, in which composites requiring 

higher performance applications. They provide sufficient mechanical properties, in 

particular stiffness and strength, at acceptably low price levels. Compared to 

compounds based on thermoplastic polymers, thermoset compounds have a superior 

thermal stability and lower water absorption. However, in the case of the demand for 

improved recycling and in combination with new long fiber reinforced thermoplastic 

processing, thermoplastic polymers have been expected to substitute the thermoset 

polymers. 

2.16 Fiber-reinforced Polymer Composite 

Technologically, the most important composites are those in which the dispersed phase 

in the form of a fiber. Design goals of fiber-reinforced composites often include high 

strength and/or stiffness on a weight basis [30]. These characteristics are expressed in 

terms of specific strength and specific modulus parameters, which correspond 

respectively, to the ratios of tensile strength to specific gravity and modulus of 

elasticity to specific gravity. 
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2.16.1 Principles of fiber reinforcement 

The mechanical properties of a composite can depend on many factors, as alluded to in 

the introduction basically; these factors include the specific properties of the matrix and 

the reinforcing agent, their respective volume fractions, the shape, size distribution, and 

orientation of the reinforcing phase and the bond between the reinforcement and its 

matrix. Let us examine in more detail the relationships between these factors and their 

influence on the mechanical behavior of composite materials.  

2.17 Applications of Natural Fiber Reinforced PLA Composite Materials 

Natural fiber reinforced PLA composites with enhanced properties have potential for 

many applications, such as packaging materials, textiles, appliance components, auto-

parts, and medical implants. The potential applications of the composites in the medical 

fields, such as tissue engineering, wound management, drugs delivery, and orthopedic 

devices, are also remarkable. Biodegradable composites attracted considerable attention 

in medical applications because they exhibited advantages over the non-biodegradable 

composites, including an elimination of the need to remove implants and 

biocompatibility. Recently, PLA and its systems played an effective role in medical 

applications, where the use of PLA in these applications was not based solely on its 

biodegradability because it was made from renewable resources, but PLA was being 

used because it worked very well and provided the excellent properties at a low cost as 

compared to other traditional biodegradable polymers used in medical applications. A 

range of devices were prepared from different PLA types, including degradable sutures, 

drug releasing micro-particles, nano-particles, and porous scaffolds for cellular 

applications. In addition, the excellent properties of PLA-composites, including 

mechanical properties, thermal properties, barrier properties, and processability, using 

traditional processing technologies, such as extrusion, injection molding, compression 

molding, and blow molding, broadened its applications. 

2.18 Deformation of Materials 

2.18.1 Elastic deformation 

The displacement of atoms from their equilibrium positions constitutes deformation. 

Such deformation is termed elastic if the atoms can resume their equilibrium positions 

when the imposed forces are released. Elastic deformation then is recoverable and 

indicates the relative resilience of a material.               
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Fig. 2.19: Schematic illustration of elastic deformation (E). 

For example, a rubber band can be stretched quite far yet snap back to its original 

dimensions upon being released. A slightly different manner of stating this concept of 

elasticity is that it is the property of a material to return to its initial form and dimension 

after the deforming force is removed. Here the atoms are repented as ―hard‖ spheres on 

a lattice, when no forces are applied, the assume equilibrium separation (a). A relatively 

small tensile force tends to pull the atoms apart producing elastic deformation (E). 

Their separation is now slightly larger than a0. However, when the force is released, the 

atoms resume their equilibrium positions and no deformation or displacement remains. 

The material is restored to its initial condition. The process of elastic deformation is 

presented schematically in the Fig. 2.19. 

2.18.2 Plastic deformation 

On the other hand, if the engineering material undergoes deformation, which exceeds 

the elastic, capability (elastic limit) to restore the atoms to their equilibrium positions, 

No force applied 

Small tensile force 

produced elastic 

deformation (E)  
 

Force released. No 

permanent deformation 

a0 
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a0 
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the deformation is permanent and termed plastic. Plastic deformation is non-

recoverable and leaves the atoms permanently displaced from their original positions 

where the forces are released. Deformation of materials may be entirely elastic, or 

elastic plus plastic. 

                     

 

 

 

     

 

 

 

      

 

 

 

 

 

Fig. 2.20: Schematic illustration of plastic deformation (P). 

The total deformation may then consist of the combined elastic and plastic portion. In 

this case, removal of the load or forces producing the deformation results in recovery of 

the elastic portion, while the plastic portion remains. Plastic deformation of the 

materials is permanent in that work or energy must be supplied to restore the atoms to 

their original equilibrium positions. For instance, the effect of this type of deformation 

can be alleviated by thermal treatments. This process is illustrated in Fig. 2.20. 

2.19 Stress 

The response of an engineering material to forces imposed on it has been discussed in 

terms of deformation and strain. Now let us analyze the resistance of a material to 

deformation. We know that, the net force. On an atom is zero only for the equilibrium 

position.  
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Fig. 2.21: Response of cylindrical bar to applied load. Cross-sectional cut way shows uniform 

resistance balancing. 

Displacement in either direction produces on increase in the forces (tensile or 

compressive) that oppose the deformation. This resistance is due to the interatomic 

attractive and repulsive forces that operate in a particular material. ‗Stress‘ is the result 

of the internal response that a material exhibits when forces are imposed on it. To 

simplify matters at this point, we will assume that the forces acts uniformly over a 

certain area, then we can state that the internal espouse, the stress, is a force per unit 

area.  

Consider the load (P) applied to the cylindrical bar in Fig. 2.21. The bar remains intact, 

indicator that the external force is balanced internally by a response of the material. If 

we section this bar at any particular location (normal to the axis of the applied load) P 

must be opposed by the stress produced in each elemental area (A). If these increment 

of area become smaller and smaller in the limit, then-  

  P = dA   

Since it previously assumed that the force uniformly applied over the cross section, the 

summa of stress over the entire area may be expressed a follows:  

  P =  
A

0
dA  or,  P = A  

 

dA 
P 
 

A Elemental unit of area 
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Therefore, the stress () can be expressed as-  

   = 
A
P           (2.1) 

Where,  = average stress  

  P = load or force 

  A = cross sectional area over which the force act  

Stress is commonly denoted in units‘ lb/in2 (psi), or in international units (SI) of Pascal 

(Pa). Since the Pascal is a rather small value of stress, it is customary to express stress 

values in mega Pascal (MPa), where the prefix M stands for 106. 

2.19.1 Engineering stress 

A common application of the stress concept is termed the engineering stress. This 

particular expression, which is used in many design calculations and analyzes is given 

as follows: 

 = 
0A

P           (2.2) 

The only modification to our basic stress equation is A0, which represents the original 

area; therefore, engineering stress treats cross sectional area as a constant. Although 

this is not completely accurate, for elastic striations in the loading direction the 

corresponding changes in cross sectional area are generally small. Furthermore, most 

design and structures are based on service conditions in the structures, are based on 

service conditions in the elastic range, thus the engineering stress is very useful 

parameter. 

2.19.2 True stress 

The concept of engineering stress treats the area under consideration as a constant (A0). 

In reality, however, the area does not remain constant and in the case of an axially 

loaded tensile bar, gradually decreases as the stress (and corresponding manifestation of 

Poisson‘s ratio effect. The true stress therefore can be expressed as follows:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

tr = 
iA

p

          
(2.3) 

Where Ai is the actual instantaneous area over which the force is acting.  

Ordinarily, the true stress in larger than the engineering stress. However, in the elastic 

region, change in area is usually inconsequential and the engineering stress in 
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sufficiently accurate. When the elastic limit is exceeded and plastic strain come into 

play the discrepancy between engineering strain and true strain becomes more 

significant.  

From a design standpoint, however, this condition (Plastic deformation) is typically 

avoided in service. The true stress (tr) is related to the engineering stress in the 

following manner: 

          tr = 
iA

P

oA
A0 =

oA
P

iA
A0  

          So, tr =
i

O

A
A



        
(2.4) 

In this type of analysis the volume of matron is constant (even thought the dimensions 

may change). Therefore the following relationships also applied, 

      Initial volume = instantaneous volume 

       So,  V0 = V1   or, iioo lAlA   

So, 
o

i

i l
l

A
A

0

          
(2.5) 

Substituting above gives us- 

   tr = 
o

i

l
l

           (2.6) 

But from the section on strain, since t is any instant in time it is equivalent to lf, we can 

substitute for 
o

i
l

l  as follows: 

tr = (e +1)          (2.7)  

So, true stress equals the engineering stress times the quantity engineering strain plus 1. 

2.20 Strain 

2.20.1 Engineering strain 

We have just briefly examined the response of atoms to deformation by mechanical 

forces. It this concept of atomic displacement is extended to bulk engineering materials, 

we can define the deformation in terms of the original dimensions of the material under 

consideration in other words, the ratio of the dimensional change to the original 

dimension. For example, consider a bar of length (l0) as shown in the Fig. 2.22. 
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Under the action of an applied load (P) this bar experiences deformation and elongates 

to a new length (1f). The ratio of this change in length (l) to the original length (l0) is 

the ―average linear strain‖ (e) and can be expressed as follows: 

e = 
ol
l   = 

o

of

l
ll 

        
(2.8) 

This quantity is referred to as the average linear strain because only the dimensional 

change in the axial direction is considered and it is considered over the entire length of 

the sample. In reality, because its volume remitters constant, the bar diameter does 

decrees slightly, resulting in a decrease in the cross-sectional area, but for small strains 

this response in usually in significant. Average strain (e) is commonly referred to as the 

engineering strain and expressed in units of in/in or mm/mm. However, stern may also 

be treated as a dimensionless quantity because these units cancel. 

      

      

                                                                                                                      

        

 

 

Fig. 2.22: Deformation of a bar produced by axial load. 

2.20.2 True strain 

Since a material undergoing deformation is continuously changing its dimension (i.e. 

length and width or diameter), a more precise definition of strain is given by the ratio of 

the change in dimension to the instantaneous dimension.  In the case of round bar, this 

may be viewed as the change in length (dl) with respect to the instantaneous length (l) 

at any point in the process. This ratio is actually the true strain (E) and is expressed as 

follows: 

               E = 
l
dl

         
(2.9) 

A more specific expression for E is obtained by placing some limits on the above 

equation. For example, if the initial length is to and the final length is lf.  

P P 

l0 

Lf = l0+l 
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We can integrate this equation as follows:  

  E = 
fl

l l
dl

0

 or, E =  
fl

ol
l][ln   = )(ln)(ln olfl    

   = 
o

f

l
l

ln
                   

(2.10) 

The engineering strain (e) is related to the true strain and this relationship can be 

demonstrated as follows: 

  e = 
o

of

l
ll 

 =  1
o

f

l
l

 

 or,  1 e
l
l

o

f

                   
(2.11) 

Then substituting these results we obtain,  

 E = ln (e +1)                   (2.12) 

2.20.3 Shear strain 

In addition to linear strain, an engineering material can experience shear strain ( ), this 

type of strain is due to the displacement of parallel planes through a certain angle (𝜃) as 

shown in the Fig. 2.23. The shear strain is therefore defined as the ratio of the 

displacement (x) to the distance (h) between the planes, expressed as:  

 = 
h
x

                   (2.13) 

 

                                                                           

                                                    

 

 

 

Fig. 2.23: Shear displacement on parallel planes of a solid material. 

 

h 
θ 

X 
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2.21 Interfacial Bond 

In addition to the aspect ratio and the orientation of the fibers, the strength and the bond 

between the fiber and matrix is a prime factor in determining the mechanical behavior 

of a composite. A strong bond between these constituents is necessary for them to act 

together during loading or service. To develop this bond, it is essential that the matrix 

wet the surface of the fiber during fabrication. Such wetting is necessary in obtaining 

good molecular atomic interaction between the constituents. If the matrix material does 

not readily wet the fiber, special finishes called coupling agents can be used to promote 

mounding between the matrix and its reinforcement. Such finishes are usually applied 

to the fiber reinforcement- prior to fabrication of the composite during the process 

referred to as ―sizing‖. Surface roughness of the fiber phase another important 

consideration in promoting bonding between the constituents of the composite: If the 

surface is very rough containing many minute asperities, the matrix material may not 

penetrate the depressions and a poor interfacial bond will result [31, 32]. 

2.22 Elastic Modulus 

The elastic modulus (E) is a measure of the stiffness of an engineering material. 

Examination reveals that for a given stress; greater values of E result in smaller elastic 

strains, meaning that the higher the elastic modulus, the smaller elastic strains, meaning 

that the higher the elastic modulus, the smaller the response of the structure to a 

particular stress, this parameter is important for design and amylases purpose, 

especially in computing the allowable displacements and deflections of engineering 

components or structure. 

Although the modulus of elasticity is a structure insensitive property, it is intended by 

temperature. As the temperature is increased, E decreases, thereby reducing the 

stiffness of a material. This reduction in elastic behavior is due to an inverse 

relationship between the modulus and the interatomic or interionic distance in metals 

and ceramics, respectively. Therefore as we increase the temperature, E gradually 

decreases. 

2.23 Stress-Strain Relationship in Case of Fiber  

In order to analyze the stress strain behavior of a composite will consider a simple 

situation where a matrix containing continuous cylindrical fibers is deformed in 

direction prattle to the long axis of the fibers, as illustrated in the following Fig. 2.24. 
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If we can assume that no slippage occurs at the interface between the fibers and matrix, 

the elongation is the same in both phases.  

Therefore, the engineering strain in the composite may be expressed as-  

Ec = ef = em = 
ol
l                 (2.14) 

  Where, ef = strain of fibers  

em = strain of matrix 

Furthermore, when these strains are elastic the engineering stress in the respective 

composite can be determined by applying Hook‘s law as follows:   

                          f = Ef.ef                  (2.15) 

    m = Em.em                 (2.16) 

Where,  f = stress in fiber 

  m= stress in matrix 

  Ef = elastic modulus of fiber 

    Em= elastic modulus of matrix 

 

 

                                                                                                                                             

 

     

         
Fig. 2.24: Axial deformation due to the load (P) in a composite reinforced with continuous 

cylindrical fibers. 

In most cases, the modulus of the fiber is greater than that of the matrix, for a given 

strain the stress in the fiber is greater than the matrix stress. Although this is a bray 

simplified analysis it serves to illustrate the extremely important concept fiber 

reinforcement. Generally, the fibers are more highly stressed than the matrix when a 

load is applied to the composite. The mechanism permits transfer of the stresses from 

the matrix to the reinforcing phase. As a result, the composite can sustain greater 

L l0 

P 

P 
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stresses them the unreinforced matrix material. This concept of utilizing the advantages 

of one material such as high modulus or high strength, in conjunction with the 

advantages of another, such as low density or corrosion resistance, is the very essence 

of composite material. 

2.24  Basic Concept on Weibull Distribution Model 

Natural fibers have a large variability in their mechanical, chemical, and physical 

properties from batch to batch, the variability in geometry in fiber diameter, non-

uniform of surface characteristics, limited fiber length, and some natural parameters 

such as soil fertility, age, presence of defects, and the time of harvest. To analyze this 

disparity in mechanical properties, the use of Griffith model can be notable [33]. 

However, a two-parameter Weibull distribution model reportedly demonstrated in the 

least biased mechanical performances and is superior to Griffith model [33, 34]. Fiber 

strength is a statistical parameter which cannot be completely describable by a single 

value like many other common physical parameters such as fiber length, density, aspect 

ratio, etc. To describe the variability in strength and modulus of NFs, preferably used 

statistical tool is the Weibull statistics that can satisfactorily indicate the homogeneity 

of the material and predict about the characteristic mechanical parameters of a material. 

Therefore, in this work, a single parameter Griffith model and a two-parameter Weibull 

model has been employed to assess the mechanical properties of SGF. The values 

obtained by mechanical characterization were statistically analyzed using a two-

parameter Weibull distribution, according to the following expression [35]: 

   𝑃𝑓(𝑥) = 1 − 𝑒𝑥𝑝  −𝐿  
𝑥

𝑥0
 
𝜇

                (2.17) 

where 𝑃𝑓(𝑥) is the probability of failure at a stress 𝑥, L is the fiber length, 𝑥0 is the 

characteristic strength or modulus (o or Yo) of a fiber, and µ, known as Weibull 

modulus, describing the variability of the failure strength. For example, a low value of 

µ indicates a high variability.  

Manipulation of the above expression [Eq. (2.17)] gives the following relation:  

   𝑙𝑛 𝑙𝑛  
1

1−𝑃𝑓(𝑥)
 = 𝜇 (𝑙𝑛 𝑥 − 𝑙𝑛 𝑥0) + 𝑙𝑛 𝐿              (2.18) 
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Hence, a plot of 𝑙𝑛 𝑙𝑛  

1

1−𝑃𝑓
  versus 𝑙𝑛 𝑥 (commonly referred to as a Weibull plot) of 

Eq. (2.18), which should produce a straight line, gives rise to the gradient 𝜇 and 

intercept 𝑥0 at 𝑙𝑛 𝑙𝑛  
1

1−𝑃𝑓(𝑥)
 = 0.  

To obtain the least biased results, the following estimator was usually used for the 

probability of failure [36]: 

   𝑃𝑓(𝑥) =
𝑟−0.5

𝑁
                  (2.19) 

In above equation, 𝑟 is the rank of each data point and 𝑁 is the total number of samples 

such that  𝑟 = 𝑁. 
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MATERIALS AND METHODS 

3.1 Raw Materials 

Ripe sponge-gourds (Luffa cylindrica) were collected from rural area. It is from the 

luffa gourds that the organic sponges are produced. Towards the end of the summer (or 

into fall) the luffa will begin to lose weight. This is a sign that it is beginning to mature 

on the vine. When harvesting the luffa, in order to get high-quality vegetable sponges, 

the luffa is allowed to ripe on the vine and harvested when the skin has turned yellow 

or brown. After the first frost, it must remove from the vine immediately to keep from 

rotting. Fig. 3.1 and 3.2 show the photograph of luffa single fiber and its powder form, 

respectively, which are called sponge-gourd fiber (SGF). 

 
Fig. 3.1: A photograph of single SGF. 

 
Fig. 3.2: A photograph of powder-SGF. 

Semicrystalline polylactic acid (PLA) in pellet form was purchased from Titan 

chemical, Pasir Gudang, Malaysia. PLA is eco-friendly thermoplastic polymer with 

properties comparable to those of petroleum-based thermoplastics. Combining PLA 

with natural fibers (NFs), which are abundantly available such as jute, sisal, kenaf, or 

SGF, can lead to a totally green composite made only from renewable resources. Fig. 

3.3 shows the photograph of PLA pellets. 

Essential chemical modifiers like sodium hydroxide (NaOH) for alkalization, acetic 

acid (CH3COOH) and acetic anhydride [(CH3CO)2O] for acetylation and benzoyl 

chloride (C6H5COCl) and ethanol (C2H5OH) for benzoylation were procured for 

treatment of SGF. All chemical compounds are the products of Merck, Germany. 
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Fig. 3.3: Photograph of PLA pellets. 

3.2 Equipment 

3.2.1 Equipment used in fiber treatment and composite fabrication 

Several equipments were used in the fabrication of SGF-PLA composites. The main 

equipments are as follows: 

(a) Electric balance 

(b) Pycnometer 

(c) Optical microscope 

(d) Ultrasonic bath 

(e) Digital pH meter 

(f) Vacuum dryer/ Sample dryer 

(g) Magnetic stirrer 

(h) Refrigerator 

(i) Fridge dryer 

Brief descriptions on the use of equipment for the sample preparation are given below: 

a) Electric balance 

An electric balance (model: AS220/C/2, RADWAG Co., Poland) was used for 

measurement of weight of the sample. The balance is sensitive and has a measuring 

capacity of 0.0001 g. Fig. 3.4 shows a standard electric balance. 

Chapter: 3          Materials and Methods  
       



108 
 

 
Fig. 3.4: Photograph of an electric balance. 

 
Fig. 3.5: Pycnometer. 

b) Pycnometer 

A Pycnometer (model: 250/V, AKMLAB, China) was used for determination of 

density of SGF and composites (prepared to powder-shaped by grinding). The particle 

density of powder, to which the usual method of weighing cannot be applied, can be 

determined with a Pycnometer (Fig. 3.5). The method of measurement by a Pycnometer 

is followed with ISO standard: 1183-1:2012 [1] and ASTM standard: D854-02 [2]. 

c) Optical microscope 

An optical microscope (model: NMM-800TRF, MTI Corporation, USA) was used for 

measurement of diameter of the sample. The microscope has a zoom capacity of 100. A 

photograph of an optical microscope is shown in Fig. 3.6. 

 

Fig. 3.6: Photograph of an optical microscope. 

 

Fig. 3.7: An ultrasonic bath. 
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d) Ultrasonic bath 

Fig. 3.7 shows an ultrasonic bath (model: VGT-1860QTD, MTI, USA), which is used 

for surface modification of SGF. The fibers (both single and powder) were sonicated 

for 1 hr by an ultrasonic cleaner/ bath at 50oC temperature. At the time of sonication the 

fibers were immersed in NaOH solution (5, 10 and 15 wt%). After completed the 

sonication the fibers were removed from the solution and neutralized with dilute acetic 

acid (CH3COOH) solution (2N). 

During alkalization, acetylation and benzoylation, the ultrasonication method is 

followed by same way. 

e) Digital pH meter 

After completing the sonication the fibers washed with distilled water and then a final 

pH was maintained by a digital pH meter (Fig. 3.8). It is a microprocessor based pH 

meter (model: pH-211, HANNA Instruments Inc., Romania). It is a multifunctional and 

multilateral useful pH meter. It has a pen-type stick with a bulb. At the time of 

measurement, the upper side of the stick is immersed in solution and stay sometimes to 

stable the digital values for accurate reading. 

 
Fig. 3.8: Photograph of a pH meter. 

 
Fig. 3.9: Photograph of a vacuum dryer. 

f) Vacuum dryer 

The vacuum dryer (model: Oven-256, MEMMERT, Germany) is used for drying the 

various sample of SGF at a fixed temperature. The sample dryer is used for removing 

moisture from the processed SGF. At first, the door of dryer part is opened and then the 

button of vacuum part is pressed. A photograph of a vacuum dryer is shown in Fig. 3.9. 
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g) Magnetic stirrer 

A magnetic stirrer or magnetic mixer (model: SH-4, Gattenhamp, England) (Fig. 3.10) 

is a laboratory device that employs a rotating magnetic field to cause a stir bar (also 

called "flea") immersed in a liquid to spin very quickly, thus stirring it. The rotating 

field may be created either by a rotating magnet or a set of stationary electromagnets, 

placed beneath the vessel with the liquid. 

 
Fig. 3.10: Magnetic stirrer. 

h) Laboratory fridge/refrigerator 

Laboratory refrigerators (model: TSX2330FV, Thermo Fisher Scientific, USA) (Fig. 

3.11) are used to cool samples or specimens for preservation. They include refrigeration 

units for storing blood plasma and other blood products, as well as vaccines and other 

medical or pharmaceutical supplies. They differ from standard refrigerators used in 

homes or restaurant because they need to be totally hygienic and completely reliable. 

 

Fig. 3.11: A laboratory-refrigerator. 
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i) Freeze dryer 

Fridge dryer (model: BTP-9ES0VX, SP Scientific, Australia) (Fig. 3.12) is the 

equipment with the help of which vacuum drying is carried out. In the pharmaceutical 

industry vacuum dryer is known by a common name called vacuum oven. Vacuum 

dryers are made up of cast iron so that they can bear the high vacuum pressure without 

any kind of deformation. The oven is divided into hollow trays which increases the 

surface area for heat conduction. The oven door is locked air tight and is connected to 

vacuum pump to reduce the pressure. 

 
Fig. 3.12: Freeze dryer. 

3.2.2 Equipment used for characterization of the sample 

3.2.2.1 Fourier transform infra-red spectrometer 

Fig. 3.13 shows the photograph of a Fourier-transform infra-red (FTIR) spectrometer 

(model: Frontier, FT-IR/NIR Spectrometer, PerkinElmer, Japan). This instrument 

consists of a far-IR, near-IR and mid-IR light sources and detectors. This apparatus was 

used to determine the formation of new chemical bonds in the composites. A brief 

description of the apparatus and its working principle are discussed below:  

Light from the source is split into two beams. One of the beams is passed through the   

sample under examination and is called the sample beam. The other beam is called the 

reference beam. When beam passes thorough the sample, it becomes less intense due to 

the absorption of certain frequencies. 

Let I0 be the intensity of the reference beam and I be the intensity of the beam after 

interaction with the sample respectively. The absorbance of the sample at a particular 

frequency can be calculated as: 
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        A = log (I0/I) 

         Also transmittance, T = I/I0 

      So that, A= log (1/T)       (3.1) 

 
Fig. 3.13: Photograph of a FTIR spectrometer. 

Various techniques can be employed for placing the sample in the path of the infra-red 

beam depending upon whether the sample is a gas, a liquid, or a solid. The 

intermolecular forces of attraction are most operative in solids and least in case of 

gases. Thus, the sample of the same substance shows shifts in the frequencies of 

absorption as we pass from the solid to the gaseous state. In some cases, additional 

bands are also observed with the change in the state of the sample. Hence, it is always 

important to mention the state of the sample on the spectrum which is scanned for its 

correct interpretation. Solids for the infra-red spectrum may be examined as an alkali-

halide mixture. Alkali metal halides, usually sodium chloride, which is transparent 

thorough out the infra red region and is commonly used for the purposes. Potassium 

bromide (KBr) also serves the purpose well. 

The most popular method of FTIR spectral studies is KBr pellet method. In this 

method, the solid sample is finely pulverized with pure, dry KBr, the mixture is pressed 

in a hydraulic press to form a transparent pellet, and the spectrum of the pellet is 

measured. It is important that the solids be extremely finely divided and well mixed. 

The pellet is usually pressed in a special die that can be evaluated in order to avoid 

entrapped air, which causes cloudiness in the pellet. A major advantage of this method 

is that KBr has no absorption in the IR above 250 cm-1, so that an unimpeded spectrum 

of the compound is obtained. 
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A disadvantage of the method for co-ordination compounds is that Br from the KBr can 

often replace lagans in the compound whose spectrum is desired. If this is not realized 

by the experimenter, misinterpretation of the spectrum will result. The substance under 

investigation should be absolutely dry as water absorbs strongly at about 3710 cm-1 and 

also near 1630 cm-1. The particle size of the ground mixture should be less than 2 μm to 

avoid scattering. Potassium bromide is transparent to the infra-red region (2.5 μm−15 

μm) and thus, a complete spectrum can be scanned by mixing 1–2% of the solid sample 

with it and then grinding it to the desired particle size. 

3.2.2.2 X-ray diffractometer (XRD) 

X-rays are electromagnetic radiation of wavelength about 1 Å, which is about the same 

size as an atom. They occur in that portion of the electromagnetic spectrum between 

gamma-rays and the ultraviolet. The discovery of X-rays in 1895 enabled scientists to 

probe crystalline structure at the atomic level. X-ray diffraction has been in use in two 

main areas, for the fingerprint characterization of crystalline materials and the 

determination of their structure. Each crystalline solid has its unique characteristic X-

ray powder pattern which may be used as a "fingerprint" for its identification. Once the 

material has been identified, X-ray crystallography may be used to determine its 

structure, i.e. how the atoms pack together in the crystalline state and what the inter-

atomic distance and angle are.  

Bragg equation: If a monochromatic X-ray beam incident at an angle on an atomic 

plane of a crystal and reflected by the parallel atomic plane at the same angle, the rays 

from the separate planes must reinforce each other. This means that the path difference 

between two rays must be an integral number of wavelengths.  

 

Fig. 3.14: Reflection of X-rays from two planes of atoms in a solid. 
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In Fig. 3.14, suppose d is inter-planar spacing i.e. perpendicular distance between the 

planes, n is order of diffraction, θ is the angle of diffraction and λ is the wavelength of 

X-ray radiation for diffraction. Then, 

2d sin θ = n λ         (3.2) 

We can determine the size and the shape of the unit cell for any compound most easily 

using the diffraction of X-rays.  

 
Fig. 3.15: Experimental setup using a Bruker-D8 XRD system. 

The X-ray radiation most commonly used is that emitted by copper, whose 

characteristic wavelength for the CuKα radiation is λ = 1.5406Å. When the incident 

beam strikes a powder sample, diffraction occurs in every possible orientation of 2θ. 

The diffracted beam may be detected by using a moveable detector such as a Geiger 

counter, which is connected to a chart recorder. In normal use, the counter is set to scan 

over a range of 2θ values at a constant angular velocity. Routinely, a 2θ range of 10 to 

30 degrees is sufficient to cover the most useful part of the powder pattern. An 

experimental setup of XRD (model: Bruker D8 Advance XRD, Germany) machine is 

shown in Fig. 3.15 [3]. 

3.2.2.3 Universal testing machine 

A universal testing machine (UTM) was used for measuring the mechanical properties 

such as, tensile and flexural strength, tensile and flexural strains, Young‘s modulus, 
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tangent modulus and compressive strength of the composites. A photograph of the 

Hounsfield UTS 10 kN (model: H10KS, Hounsfield, UK) is shown in Fig. 3.16 and 

Fig. 3.17 shows how compressive strength of the composites is measured by the 

apparatus. This machine contains sample holder to hold a sample, which is compressed 

by the application of a continuously increasing load to measure the compressive 

strength properties. The gap between the holders is maintained according to ISO 

standard. The maximum load that can be employed in this machine is 10 kN.  

 
Fig. 3.16: A UTM with related accessories. 

 
Fig. 3.17: Working with the UTM at BCSIR. 

3.2.2.4 Field emission scanning electron microscopy 

Field effect scanning electron microscopy (FESEM) (model: JSM-7600F, JEOL, Japan) 

was performed to observe the microstructure and the surface morphology of the 

composites.  

 

Fig. 3.18: Photograph of FESEM apparatus. 
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Fig. 3.18 shows a FESEM apparatus that consists of two linked electron beam devices. 

It has the following main components: electron gun, condenser lens, objective system 

(lens, stigmator, scan coils), specimen stage and detector (secondary electron detector, 

LED monitor). Different parts of FESEM apparatus are shown in Fig. 3.19 [4].  

In a typical FESEM, electrons are thermionically emitted from a tungsten or lanthanum 

hexaboride (LaB6) cathode and are accelerated towards an anode; alternatively, 

electrons can be emitted via field emission. As a heating element, Tungsten is used 

because it has the highest melting point and lowest vapor pressure of all metals, thereby 

allowing it to be heated for electron emission. The electron beam, which typically has 

an energy ranging from a few hundred eV to 100 keV, is focused by one or two 

condenser lenses into a beam with a very fine focal spot sized 1 to 5 nm. 

 
Fig. 3.19: Block diagram of a FESEM component. 

When the primary electron beam interacts with the sample, the electrons lose energy by 

repeated scattering and absorption within a teardrop-shaped volume of the specimen 

known as the interaction volume, which extends from less than 100 nm to around 5 µm 

into the surface. The size of the interaction volume depends on the beam accelerating 

voltage, the atomic number of the specimen and the specimen's density. The energy 

exchange between the electron beam and the sample, results in the emission of 

electrons and electromagnetic radiation which can be detected to produce an image. 
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3.2.2.5 Thermogravimetric analyzer and Differential thermal analyzer 

Fig. 3.20 illustrates a photograph of a thermo gravimetric analyzer (TGA) coupled with 

a differential thermal analyzer (DTA) [model: EXSTAR6000, Seiko Instrument Inc., 

Japan], which was used in this study. TGA is used primarily for determining thermal 

stability of polymers [5] and TGA method is based on continuous measurement of 

weight on sensitive balance (called thermo balance) as sample temperature is increased 

in air or in an inert atmosphere. This is referred to as non-isothermal TGA. Data are 

recorded as thermograms of weight versus temperature. Weight loss may arise from 

evaporation of residual moisture or solvent at lower temperatures, but at higher 

temperature it results from polymer decomposition. 

 

Fig. 3.20: A coupled DT and TG analyzer. 

Fig. 3.21 illustrates the schematic diagram of a DTA [6]. It is an important tool to study 

structural and phase changes occurring in solid and liquid materials during heat 

treatment. Thus changes may be due to dehydration, transition from one crystalline 

from to another, destruction of crystalline structure, melting, oxidation, decomposition, 

degradation temperatures, etc. DTA is a process of accurately measuring the difference 

in the temperature between a thermocouple embedded to a sample and a thermocouple 

in a standard inert material such as aluminum oxide while both are being heated at a 

uniform rate [7]. Any physical or chemical change in the test sample at a specific 
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temperature, which is a characteristic feature of the material under study, is usually 

associated with a thermal transition leading to an enhanced difference of temperature 

ΔT, between the test and reference sample. ΔT is recorded as a function of temperature 

T. For no transition in the shape, ΔT remains nearly constant. In DTA, the correlation 

between ΔT and energy change ΔE for a transition is unknown, thereby making an 

uncertain conversion of endothermic or exothermic peak areas to energies. 

 
Fig. 3.21: Schematic diagrams showing different part of a DTA apparatus. 

3.2.2.6 Differential thermogravimetry 

DTG stands for differential thermogravimetry. If not the weight itself rather the first 

derivative of the sample weight with respect to time at constant temperature or with 

respect to temperature at constant value of heating is determined then this procedure is 

termed as DTG. Basically DTG is the differential of TGA data with respect to 

temperature. 

3.2.2.7 Antibacterial activity test 

The agar diffusion test (Kirby–Bauer antibiotic testing, KB testing, or disc diffusion 

antibiotic sensitivity testing) is a test of the antibiotic sensitivity of bacteria. It uses 

antibiotic discs to test the extent to which bacteria are affected by those antibiotics. In 

this test, wafers containing antibiotics are placed on an agar plate where bacteria have 

been placed, and the plate is left to incubate. If an antibiotic stops the bacteria from 

growing or kills the bacteria, there will be an area around the wafer where the bacteria 

have not grown enough to be visible. This is called a zone of inhibition. 
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The size of this zone depends on how effective the antibiotic is at stopping the growth 

of the bacterium. A stronger antibiotic will create a larger zone, because a lower 

concentration of the antibiotic is enough to stop growth. The bacteria in question are 

swabbed uniformly across a culture plate. A filter-paper disk, impregnated with the 

compound to be tested, is then placed on the surface of the agar. The compound 

diffuses from the filter paper into the agar. The concentration of the compound will be 

highest next to the disk, and will decrease as distance from the disk increases. If the 

compound is effective against bacteria at a certain concentration, no colonies will grow 

where the concentration in the agar is greater than or equal to the effective 

concentration. This is the zone of inhibition. These along with the rate of antibiotic 

diffusion are used to estimate the bacteria's sensitivity to that particular antibiotic. In 

general, larger zones correlate with smaller minimum inhibitory concentration (MIC) of 

antibiotic for those bacteria. Inhibition produced by the test is compared with that 

produced by known concentration of a reference compound. This information can be 

used to choose appropriate antibiotics to combat a particular infection [8]. 

3.2.2.8 Cytotoxic effect test 

In a nutshell, cell cytotoxicity refers to the ability of certain chemicals or mediator cells 

to destroy living cells. By using a cytotoxic compound, healthy living cells can either 

be induced to undergo necrosis (accidental cell death) or apoptosis (programmed cell 

death). Fig. 3.22 shows the different steps of cell cytotoxicity [9]. 

 

Fig. 3.22: Cell cytotoxicity. 
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Given this information, the ability to accurately measure cytotoxicity can prove to be a 

very valuable tool in identifying compounds that might pose certain health risks in 

humans. This can be of vital importance during the research phase of developing new 

pharmaceutical products to ensure the safety of the end-users. 

Measuring cell cytotoxicity also proves to be quite indispensable in the process of 

developing therapeutic anti-cancer drugs. By determining the cytotoxicity levels of 

cancer cells, anti-cancer medications can hinder the proliferation of target cells either 

by messing with their genetic material or by blocking the nutrients that the cells needs 

to survive. 

Additionally, understanding the mechanisms involved in cytotoxicity can likewise give 

researchers a more in-depth knowledge on the biological processes (both normal and 

abnormal) governing cell growth, cell proliferation and death. 

3.3 Methods 

3.3.1 Sample preparation 

3.3.1.1 Fiber cutting 

SG single fibers were cut into a size of 20–30 mm with the help of a scissor and then a 

gauge length of 10 mm is taken for tensile test of the single fiber. The fibers are also 

cut and grinded to the powder shaped for composite preparation.  

3.3.1.2 Surface modification of fibers 

a) Alkalization 

SGF were cut into 10 mm length and were soaked in various concentrations (5, 10 and 

15 wt%) of NaOH solution at 30oC maintaining a liquor ratio of 20:1. The fibers were 

washed with distilled water to remove dirt and other water soluble impurities. Then the 

fibers were immersed in alkali solution for 2 h. The fibers were washed several times 

with fresh water to remove NaOH solution sticking to the fiber surface, neutralized 

with dilute acetic acid solution and finally washed again with distilled water to 

maintain the pH value of 7. They were sonicated for 1 h at 50oC in an ultrasonic cleaner 

and then dried at room temperature for 48 h followed by oven drying at 100oC for 6 h. 

The alkali treated SGF are here-in-after abbreviated as ALT-SGF. 

The reaction between SGF celluloses and NaOH is as follows: 
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b) Acetylation 

10 g dried SGF were immersed in distilled water for 15 min, pressed out and then 

introduced in a Buchner funnel. The wet fibers were transferred to a stoppered bottle 

and covered with 150 ml of glacial acetic acid. After being shaken occasionally for 1 h, 

the fibers were pressed out as before. Then a solution of 10% acetic acid in distilled 

water and 1 ml concentrated H2SO4 at 25oC was prepared. The fibers were kept in this 

solution. The mixture was shaken vigorously for about 1 min and then 50 ml of various 

concentrations (5, 10 and 15 wt%) of acetic anhydride solution was added and again the 

mixture was shaken vigorously for about 1 min. The resultant solution was held 5 min 

at 25oC. The SGF were sonicated for 1 h at 50oC in an ultrasonic cleaner. The SGF 

were then washed with distilled water. Finally the fibers were dried at 60oC and then 

stored in desiccators. The acetylated SGF are here-in-after abbreviated as ACT-SGF. 

The reaction of acetic anhydride with SGF celluloses is as shown below: 

 

c) Benzoylation 

The SGF were initially alkaline pre-treated in order to activate the hydroxyl groups of 

the cellulose and lignin in the fibers. Then the fibers were suspended in 10% NaOH and 

benzoyl chloride solution (5, 10 and 15 wt%) for 15 min. The isolated fibers were then 

soaked in ethanol for 1 h to remove the benzoyl chloride. Then the SGF were sonicated 

for 1 h at 50oC in an ultrasonic cleaner. Finally the SGF were washed with distilled 

water and dried in the oven at 80°C for 24 h. The benzoylated SGF are here-in-after 

abbreviated as BCT-SGF.  

Benzoyl chloride may interact with SGF celluloses like as follows: 
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3.3.1.3 Preparation of neat PLA foam 

In a beaker, neat PLA was dissolved in 1, 4-dioxane by stirring with a magnetic stirrer 

and heating simultaneously. After 20–30 minutes the solvent is turned into viscous 

form. The viscous material was placed in a square shaped pot. After cooled in normal 

temperature the pot was placed in a refrigerator at –20°C. After 24 hr the sample was 

shifted to the vacuum dryer. After 24 hr the sample was removed from the dryer and 

obtained as foam. The prepared neat PLA foam is here-in-after abbreviated as PLAF. 

3.3.1.4 Composite preparation  

The composites were prepared by solution casting with SGF and PLA pellets dissolved 

in 1, 4-dioxane by stirring using a magnetic stirrer and heating simultaneously. The 

prepared composites are coded as untreated fiber reinforced PLA composites (UFPC), 

alkali treated fiber reinforced PLA composites (ALT-FPC), acetic anhydride treated 

fiber reinforced PLA composites (ACT-FPC) and benzoyl chloride treated fiber 

reinforced PLA composites (BCT-FPC). Additionally, the treated fiber reinforced PLA 

composites are here-in-after consider as TFPCs. 

The composites, prepared with fibers treated at 5 wt% chemical concentrations for 

alkalization, acetylation and benzoylation are here-in-after indicated as 5ALT-FPC, 

5ACT-FPC and 5BCT-FPC, respectively, prepared with fibers treated at 10 wt% 

chemical concentrations for alkalization, acetylation and benzoylation are here-in-after 

indicated as 10ALT-FPC, 10ACT-FPC and 10BCT-FPC, respectively, and that 

prepared with fibers treated at 15 wt% chemical concentrations for alkalization, 

acetylation and benzoylation are here-in-after indicated as 15ALT-FPC, 15ACT-FPC 

and 15BCT-FPC, respectively. In all of these composites (UFPCs and TFPCs) the fiber 

content is 5 and 10 wt%. It is noteworthy that the composites prepared by 5, 10 and 15 

wt% chemically modified fibers are notified as 5TFPCs, 10TFPCs and 15TFPCS. 

Different steps of the chemical modifications of SGF and composite preparation is 

shown in Fig. 3.23. 
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Fig. 3.23: Procedure of chemical modifications of fibers and composite preparation. 

3.3.2 Characterization of SGF 

The fibers were characterized in various ways. These characterizations are as follows: 

Physical Test 

Density measurement 

Structural or Chemical Bonding Test 

Fourier transform infra-red (FTIR) spectroscopy 

Crystalline Structure Observation 

X-ray diffraction (XRD) study 

Mechanical Test 

Tensile test and modulus study  

Surface Morphological Test 

Field emission scanning electron microscopy (FESEM) 

Thermal Test 

Thermogravimetric analyses (TGA) 

Differential thermal analyses (DTA) 

Differential thermogravimetry (DTG)  

Lab. freeze 

Ultrasonicator Raw SGF pH meter Vacuum dryer 

Treated SGF & PLA pellet Electric balance Magnetic stirrer 

Sample solution Freeze dryer Prepared composite 
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3.3.3 Characterization of composite materials 

The resulting composites were characterized in various ways. These include physical 

test, structural test, mechanical test, surface morphological test, thermal test, and 

biomedical observation. The properties characterized under these tests are as follows:  

Physical Test 

Density measurement 

Water intake observation 

Degradation under soil test 

Structural or Chemical Bonding Test 

FTIR spectroscopy 

Crystalline Structure Observation 

XRD study 

Mechanical Test 

Compressive strength  

Surface Morphological Test 

FESEM 

Thermal Test 

Thermogravimetric analyses (TGA) 

Differential thermal analyses (DTA) 

Differential thermogravimetry (DTG) 

Biomedical Observation 

Antibacterial activity test 

Cytotoxic effect test 

3.3.4 Measurement methods  

3.3.4.1 Physical properties 

3.3.4.1.1 Density measurement 

Let us assume that, mass of empty pycnometer, 𝑚𝑜 ; mass of pycnometer with only 

SGF, 𝑚1; mass of pycnometer with SGF and added water, 𝑚2; mass of pycnometer 

filled with only water, 𝑚3; mass of only water, 𝑚𝐻2𝑂 = 𝑚3 − 𝑚𝑜 ; mass of added 

water, 𝑚′
𝐻2𝑂 = 𝑚2 − 𝑚1 and mass of SGF, 𝑚𝑆 = 𝑚1 − 𝑚𝑜 . So, the volume of SGF is, 

𝑉𝑆 =  
𝑚𝐻2𝑂−𝑚 ′

𝐻2𝑂

𝜌𝐻2𝑂
   cm3. Now, the density of SGF was calculate by,  𝜌𝑠 =

𝑚𝑠

𝑉𝑠
  (3.3) 
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3.3.4.1.2 Measurement of chemical composition of SGF 

The chemical compositions as well as the morphological microstructure of vegetable 

fibers are extremely complex due to the hierarchical organization and the different 

compounds present at various concentrations. The vegetable fibers are mainly 

composed of cellulose and non-cellulosic materials, such as: hemicellulose, lignin, 

pectin, waxes, and some water-soluble compounds. The lignin and pectin act as 

bonding agent [10]. Table 3.1 reports the different chemical compositions of SGF 

obtained in this investigation using chlorination method. 

Table 3.1: Chemical compositions obtained from SGF in current study. 

Component Content obtained (%) Reference value (%)[10] 

Holocellulose 75.92 55–90 

α-cellulose 59.42 55–90 

Hemicellulose 16.50 8–22 

Lignin 16.36 10–23 

3.3.4.1.3 Water intake of the composites 

Water intakes of the composites were measured according to ASTM: D570-98 [11]. 

The test specimens were cut in a size of 60 mm length, 20 mm width and 5 mm 

thickness. The cut samples were kept in an oven at 80°C for 24 hr. It was taken out 

from the oven and immediately weighed. Let this weight be Wi. The samples were then 

immersed in distilled water of 23°C and kept for 24 hr. It was taken out from the water, 

wiped by a cloth, dried in air and then weighed. Let this weight be Wf. Then the amount 

of water intake was calculated by the following formula: 

Water intake (%) = %100






 

i

if

W
WW

      (3.4) 

The above procedures were repeated for 2 days to 30 days for all samples. It is 

noteworthy that the cut sides of the samples were coated with araldite (two part of 

epoxy resin) to prevent from penetrating water into the sample. 

3.3.4.1.4 Degradation under soil 

Degradation of the composites under soil was performed according to ASTM: G160-12 

[12]. For this method, the samples were kept in an oven at 80°C for 24 hr. It was taken 
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out from the oven and immediately weighed. Let this weight be wi. The samples were 

then buried under soil by keeping in a pot. The pot was covered with a plastic net and 

exposed to atmospheric conditions for 7 days. Readings were taken of the changes in 

the weight loss of the samples at intervals of 7 days for approximately one month. To 

determine the weight loss the specimen, each sample was taken out from the soil, wiped 

by a dry cloth or tissue paper, quickly washed with cold water and dried in an oven at 

80°C to a constant weight. Let this weight be wf. Then the percentage of weight loss 

was calculated by the following formula: 

Weight loss (%) = %100






 

i

fi

w
ww

      
(3.5) 

3.3.4.2 Structural observation 

3.3.4.2.1 Fourier transforms infrared spectroscopy 

Fourier transform infrared (FTIR) spectra of the samples were recorded at room 

temperature by using a double beam IR spectrophotometer in the wave number range of 

650─4000 cm-1. For these measurements, the samples were crushed for recording the 

attenuated total reflectance (ATR)-FTIR spectra in the transmittance (%) mode. 

3.3.4.2.2 X-ray diffraction technique 

The XRD machine was used for taking pattern of X-ray diffraction (XRD). In this 

machine, a high voltage power supply (35 kV, 20 mA) was used to generate X-ray 

radiation. The composites were finely ground to prepare the disc specimen of same 

thickness for each category of samples. 1g chopped samples were compressed in a 

cylindrical mold with a pressure of 1 MPa. The specimens were step-wise scanned by 

XRD over the operational range of scattering angle between 10–30o, with an increment 

of 0.02o, using the CuKα radiation of wavelength λ=1.5406 Å. The data were recorded 

in terms of the diffracted X-ray intensity (I) versus 2θ. The relative intensity (Irel) is 

calculated by the following equations: 

For SGF samples, Irel = 𝐼𝑇𝑆𝐺𝐹

𝐼𝑈𝑆𝐺𝐹
       (3.6) 

For composite samples, Irel = 𝐼𝑇𝐹𝑃𝐶

𝐼𝑈𝐹𝑃𝐶
      (3.7) 
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3.3.4.3 Mechanical test 

3.3.4.3.1 Tensile testing of SGF 

Tensile strength (σ) and Young‘s modulus (Y) of SGF were measured by a universal 

testing machine (UTM) (model: H10KS, Hounsfield, UK) following ASTM D3822M-

14 [13] at a crosshead speed of 2 mm/min, keeping a gauge length of 10 mm. Twenty 

SGF samples of each batch were used in mechanical testing.   

3.3.4.3.2 Measurements of tensile properties 

I. Tensile strength 

Diagram of the size and shape of the fiber specimen is shown in Fig. 3.24, used in 

measuring stress (σ), strain (ε), and tensile strength (σ). Specimen for tensile 

measurement was prepared according to ASTM standard [13]. 

 
Fig. 3.24: Single SGF setup for tensile test. 

Crosshead speed of 2 mm/min and a gage length 10 mm were maintained. The load was 

continuously applied to the sample till it is torn-off. The loads and corresponding 

extensions were recorded by the computer. Calculations of tensile properties are 

described below:  

II. Young’s modulus 

Young‘s modulus (Y) is one of the basic parameters in characterizing the mechanical 

properties of solids. The bigger the Y, the stiffer the material is. For example it is bigger 

for steels than that for aluminium. For all material it is determined through tensile test. 

Within elastic limit, the stress-strain variation is linear in a material.  

Fig. 3.25 shows a typical stress-strain curve of a polymeric material. The stress 

increases linearly with the strain up to the yield point. The slope of the linear portion 

gives the Young‘s modulus and determined as: 

Y =  




d
d

         
(3.8) 

Where, dσ = Stress at yield point and  

             dε = Strain at yield point 
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Fig. 3.25: A typical stress-strain curve. 

3.3.4.3.3 Compressive strength of the composites 

Compressive strength tests of PLAF, UFPC and TFPCs were performed by a universal 

testing machine (UTM) (model: H10KS, Hounsfield, UK) following ASTM: D695-15 

[14] at a crosshead speed of 1 mm/min, keeping a gauge length of 10 mm. The CS 

values were calculated by the following equation: 

  Compressive strength, CS = 𝑃
𝐴
       (3.9) 

where P = Maximum load applied to the sample, A = Area of the sample (for the four-

sided specimen, A = LW, where L is the length and W is the width of the sample). 

3.3.4.4 Biomedical observation 

3.3.4.4.1 Antibacterial activity test 

All aspects of the Kirby-Bauer procedure are standardized to ensure consistent and 

accurate results. Because of this, a laboratory must adhere to these standards. The 

media used in Kirby-Bauer testing must be Mueller-Hinton agar at only 4 mm deep, 

poured into either 100 mm or 150 mm Petri dishes. The pH level of the agar must be 

between 7.2 and 7.4. Inoculation is made with a broth culture diluted to match a 0.5 

McFarland turbidity standard, which is roughly equivalent to 150 million cells per mL. 

Incubation procedure: Using an aseptic technique, place a sterile swab into the broth 

culture of a specific organism and then gently remove the excess liquid by gently 

pressing or rotating the swab against the inside of the tube. Using the swab, streak the 

Mueller-Hinton agar plate to form a bacterial lawn to obtain uniform growth, streak the 

plate with the swab in one direction, rotate the plate 90° and streak the plate again in 
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that direction. Repeat this rotation 3 times. Allow the plate to dry for approximately 5 

minutes. Use an Antibiotic Disc Dispenser to dispense discs containing specific 

antibiotics onto the plate. Using a flame-sterilized forceps, gently press each disc to the 

agar to ensure that the disc is attached to the agar. Plates should be incubated overnight 

at an incubation temperature of 37°C. 

3.3.4.4.2 Cytotoxic effect test 

Vero-cell line, kidney epithelial cells extracted from an African green monkey, was 

maintained in DMEM (Dulbecco‘s Modified Eagles‘ Medium) containing 1% 

penicillin-streptomycin (1:1), and 0.2% gentamycin and 10% fetal bovine serum (FBS). 

Cells (3.7×104/250 µl) were seeded onto 48-well plates and incubated at 37°C and 5% 

CO2. After 24 hr, autoclaved samples were added to each well. Cytotoxicity was 

examined under an inverted light microscope after 72 hr of incubation. Duplicate wells 

were used for each sample. 

3.3.4.4.2.1 Measuring cell cytotoxicity 

While it can be measured in a number of different ways, assessing cell viability through 

the use of vital dyes (formazan dyes), protease biomarkers or by measuring adenosine 

triphosphate (ATP) content are some of the most commonly used methods in 

determining cytotoxicity. The formazan dyes are chromogenic products formed by the 

reduction of tetrazolium salts by dehydrogenases, such as lactate dehydrogenase (LDH) 

and reductases that are released at cell death.  Common tetrazolium salts include INT 

(Iodonitro-tetrazolium), MTT (Methyl-Thiazolyl-Tetrazolium), etc. 

Most cytotoxicity assays work on the premise that dying cells have highly 

compromised cellular membranes which allow the release of cytoplasmic components 

or the penetration of fluorescent dyes within the cell structure. To eliminate the 

problem of underestimating cytotoxic activity due to the fact that loss of membrane 

integrity usually occurs quite late in the process, alternative non-radioactive bioassays 

have been developed to measure cytotoxicity for both proliferating and non-

proliferating cell samples. 

Percentages of cytotoxicity were calculated by the following formula: 

 Cytotoxicity (%) = 𝑅2

𝑅2+𝑅1
 × 100%                (3.10) 

where R1 = live target cells and R2 = killed target cells. 
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RESULTS AND DISCUSSION 

4.1 Introduction 

This chapter contains the results obtained from different characterization techniques 

employed to determine the different properties of raw and chemically modified sponge-

gourd natural fiber and their composites with polylactic acid. 

The advantages of using SGF as additive in polymer are that it has low cost, low 

density, non-abrasive nature, low energy consumption, high specific properties, 

biodegradability, availability throughout the world and a generation of rural based 

economy. On the other hand, among biodegradable plastics, polylactic acid (PLA), a 

linear aliphatic thermoplastic, has been one of the most promising candidates for 

various applications, because of its agricultural origin and biodegradability. It is a well-

behaved thermoplastic with a reasonable shelf life for most single use packaging 

applications and when disposed properly, will degrade to harmless, natural products. It 

could be a practical and economic solution of ultimate disposal problem of the large 

amount of non degradable plastics.  

The diameters of the single SGF were measured by an optical microscope. Density of 

SGF, PLA and the composites were measured by using a pycnometer. Water absorption 

properties and degradation properties under soil of the composites were observed. 

Adhesion between the molecules of SGF and PLA were examined by Fourier transform 

infrared (FTIR) spectroscopy. The size and shape of the unit cell of samples (SGF, PLA 

and their composites) were determined by using X-ray diffractometry (XRD). 

Mechanical properties such as tensile strength and Young‘s modulus of raw and 

chemically modified single SGF and compressive strength of raw and chemically 

modified SGF reinforced PLA composites were determined by the universal testing 

method. Tensile strength and Young‘s modulus of single SGF were calculated by 

Griffith model and Weibull distribution statistics. Field emission scanning electron 

microscopy (FESEM) test of SGF and fractured surfaces of the composites produced by 

compressive strength test were taken in order to study the adhesion between SGF and 

PLA. Thermal degradation properties of the SGF and different composites were 

monitored by a coupled differential thermal analyzer (DTA) and thermogravimetric 

analyzer (TGA). Antibacterial activity and cytotoxicity tests of the composites were 

evaluated. 
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4.2 Physical Properties Observation 

4.2.1 Diameter measurement 

Fig. 4.1 shows the diameter of USGF, 5 wt% ALT-SGF, 5 wt% ACT-SGF and 5 wt% 

BCT-SGF. The highest diameter observed for the sample of USGF because it contains 

huge number of waxes, lignin and water soluble impurities on its surface. 

 
Fig. 4.1: Diameter of USGF and differently treated SGF. 

Alkalization by sodium hydroxide (NaOH), acetylation by acetic anhydride 

[(CH3CO)2O], and benzoylation by benzoyl chloride (C6H5COCl) treatments disrupt 

hydrogen bonding in the network structure, thereby increasing surface roughness. 

These treatments remove a certain amount of lignin, waxes, and hemicelluloses of the 

fiber cell wall, depolymerize cellulose, and expose the short-length cellulose fibril. 

Alkali treatment reduces fiber diameter and thereby increases the aspect ratio which 

leads to the formation of a rough surface topography. Acetylation is a well-known 

esterification method causing plasticization of cellulosic fibers like SGF. It is beneficial 

in reducing the moisture absorption of NFs [1]. Reduction of the number of hydroxyl 

groups reduces the polarity. On the other hand, benzoyl chloride includes benzoyl 

(C6H5C=O) which attributed to the decreased hydrophilic nature of the treated fiber [2]. 
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4.2.2 Density measurement 

The densities of fibers and composites were measured by using a pycnometer. Fig. 4.2 

shows the density comparison among neat PLA, PLAF, UFPC and different TFPCs. 

The density of USGF, PLAF and the UFPC is found 0.703, 0.844 and 0.679 g/cm3, 

respectively. Original PLA (neat PLA) has a specific density of about 1.24 g/cm3 [3]. 

 
Fig. 4.2: Density variation of different sample. 

When neat PLA is dissolved to prepare PLAF the density decreases. The main reason 

of this characteristic is the creation of huge amount of voids or pores during the 

preparation of PLAF by melt compound technique. The composite, prepared by 

untreated SGF (UFPC), has also huge amount of voids because of poor adhesion 

between PLA matrix and fibers. For this reason it is found that the density of UFPC is 

the lowest among that of others. Naturally the intermolecular distances of PLAF and 

fibers are close and the interfacial bonds of them were strong. But after making the 

composite, the interfacial bond of the fibers and PLAF is rearranged and the adhesion 

between these two components decreases as well as the intermolecular distances of 

them probably increases. On the other hand, the chemically treated fiber reinforced 

polylactic acid composites (TFPCs) contain fewer amounts of voids because of good 
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adhesion between matrix and fibers. For these reasons, the density of different TFPCs 

is higher than that of UFPC. The highest density of the TFPCs is found for 10ALT-FPC 

and this value is 0.822 g/cm3. The densities of neat PLA, PLAF, UFPC and different 

TFPCs are introduced in Table 4.1.  

4.2.3 Water intake observation 

Fig. 4.3 (a) and (b) show the variation of water intake, WI (%) with soaking time (t) for 

PLAF, UFPC, and 5TFPCs and 10TFPCs, respectively, for 5 wt% fiber content. Fig. 

4.4 (a) and (b) show the variation of WI values in respect to t for PLAF, UFPC, and 

5TFPCs and 10TFPCs, respectively, for 10 wt% fiber content. The WI of PLAF and 

different composites has been evaluated by using the equation 3.4. 

In view of 30 days observation, it is found that WI increases rapidly at the initial stage 

and nearly levels off after 10 days for UFPC, after 15 days for TFPCs and after 17 days 

for PLAF. These results indicate that the absorption of water is slower for PLAF and 

TFPCs than UFPC. WI is more in UFPC followed by BCT-FPC, ACT-FPC, ALT-FPC 

for both 5 and 10 wt% treated fiber reinforced composites and PLAF. Although it is 

observed that WI values of 5TFPCs is higher than that of 10TFPCs. The WI values of 

the samples for 10 wt% fiber content are more than that of the samples for 5 wt% fiber 

content. These values are inserted in Table 4.1 and 4.2. 
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Fig. 4.3: Variation of water intake (%) with soaking time (t) for PLAF, UFPC and different 

TFPCs for 5 wt% fiber content, and (a) 5 wt% and (b) 10 wt% chemical concentrations. 
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Fig. 4.4: Variation of water intake (%) with soaking time (t) for PLAF, UFPC and different 

TFPCs for 10 wt% fiber content, and (a) 5 wt% and (b) 10 wt% chemical concentrations. 

Untreated SGF is hydrophilic in nature and as a result WI is found to be more in UFPC 

than that of TFPCs and PLAF. But after treatment, the hydrophilicity of the treated 

fiber decreases as well as a good adhesion of fiber with polymer matrix is established. 

Consequently WI of TFPCs decreases, as also reported elsewhere [4]. The maximum 

WI obtained in this study is 48.6% for UFPC with 10 wt% fiber content. 

4.2.4 Degradation of samples under soil 

Fig. 4.5 (a) and (b) illustrate the variation of weight loss, WL (%) with burial time (t) 

for PLAF, UFPC, and 5TFPCs and 10TFPCs, respectively, for 5 wt% fiber content. 

Fig. 4.6 (a) and (b) show the variation of WL values in respect to t for PLAF, UFPC, 

and 5TFPCs and 10TFPCs, respectively, for 10 wt% fiber content. The WL values of all 

samples increase monotonously. As represented, all composites show an increased 

degradation rate during the buried process. This is likely a result of the penetration of 

moisture into the composites, causing the hydrolysis of surfaces and interfaces [5].  

The degradation under soil of PLAF and different composites has been evaluated by 

using the equation 3.5. 
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Fig. 4.5: Variation of weight loss (%) with burial time for PLAF, UFPC and different TFPCs 

for 5 wt% fiber content, and (a) 5 wt% and (b) 10 wt% chemical concentrations. 
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Fig. 4.6: Variation of weight loss (%) with burial time for PLAF, UFPC and different TFPCs 

for 10 wt% fiber content, and (a) 5 wt% and (b) 10 wt% chemical concentrations. 
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These results suggest that the degradability of composites is slightly higher than that of 

PLAF. For 28 days burial time, the WL is presented in Table 4.1 and 4.2. Apparently, 

the degradability of composites as compared to that of the PLAF is not swift but is 

slow, which is expected from bio-composites so that they can substitute the non-

degradable composite materials [6]. 

It is recognized that PLA is a legendary thermoplastic with a reasonable shelf life for 

most single use packaging applications and when disposed properly, will degrade to 

harmless, natural products. It could be a practical and economic solution of ultimate 

disposal problem of the large amount of non degradable plastics. It has a degradation 

time in the environment on the order of six months to two years, which compares to 

500 to 1000 years for conventional plastics such as polystyrene (PS), polyethylene 

(PE), etc. [7, 8]. PLA degradation is dependent on time, temperature, low-molecular-

weight impurities, and catalyst concentration [9].  

Table 4.1: Physical properties comparison among original PLA (neat PLA), PLAF, UFPC and 

different TFPCs contain 5 wt% fiber content. 

Sample 
Properties 

Density (g/cm3) WI (%) (at 30°C) WL (%) 

Neat PLA 1.24[3] 0.40[5] 15 

PLAF 0.844 30.34 36.2 

UFPC 0.679 47.4 40.32 

5ALT-FPC 0.806 35.88 44.85 

10ALT-FPC 0.822 33.26 50.54 

5ACT-FPC 0.739 39.32 47.57 

10ACT-FPC 0.760 37.28 48.26 

5BCT-FPC 0.715 44.52 45.74 

10BCT-FPC 0.736 42.22 46.14 
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Table 4.2: Physical properties (WI and WL) comparison among UFPC and different TFPCs 

contain 10 wt% fiber content. 

Sample 
Properties 

WI (%) (at 30°C) WL (%) 

UFPC 48.63 41.0 

5ALT-FPC 37.24 46.92 

10ALT-FPC 35.37 52.87 

5ACT-FPC 40.3 49.22 

10ACT-FPC 38.44 54.06 

5BCT-FPC 46.16 47.82 

10BCT-FPC 44.15 49.96 

After 28 days the highest value of WL is found in this study is 54.06% for the sample 

10ACT-FPC with 10 wt% fiber content. 

4.3 Structural Properties Analyses 

4.3.1 FTIR structural analyses of SGF 

The ATR-FTIR spectra of the USGF, 5 wt% ALT-SGF, 5 wt% ACT-SGF and 5 wt% 

BCT-SGF are shown in Fig. 4.7 (a) and (b) from wavenumber ranges 750–2000 cm-1 

and 2000–4000 cm-1, respectively.  

By comparing the FTIR spectra of untreated and chemically treated fibers, it is evident 

that there are some differences in the spectra. The main transmittance peaks in this 

study have been identified and depicted by arrows in the figure. FTIR spectrum of the 

SGF shows transmittance bands of chemical groups‘ characteristic of lignocellulosic 

fiber compounds. Such components are mainly composed of alkenes and aromatic 

groups and various oxygen containing functional groups (ester, ketone and alcohol). A 

broad transmittance band of USGF and different TSGFs in the region 3250–3600 cm-1 

corresponds to the characteristic ─OH stretching vibration and hydrogen bonded 

hydroxyl groups [2]. The broad peak appeared at 3330 cm-1 indicates the ─OH band, 
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whose intensity decreases for 5 wt% ACT-SGF and also decreases more for 5 wt% 

BCT-SGF. The peak at 2914 cm-1 is the characteristic band for the CH stretching 

vibration from CH and CH2 in cellulose and hemicellulose components. The 

transmittance peak at 1564 cm-1of 5 wt% ALT-SGF belongs to the carbonyl C═O 

stretching vibration of linkage of carboxylic acid in lignin or ester group in 

hemicelluloses, and the band at 1409 cm-1 arises from CH deformation. The carboxylic 

groups may also be present in the fiber as traces of fatty acids in oils [10]. The 

transmittance peak at 1323 cm-1 is associated with the CH2 symmetric bending present 

in cellulose. The transmittance peak at 1160 cm-1 from the skeletal stretching vibrations 

includes the C─O─C stretching and at 1108 cm-1 from C─N ring vibration of 5 wt% 

ALT-SGF. The transmittance peak at 1053 cm-1 is due to the anti-symmetrical 

deformation of the C─O─C band. The strong absorption peak at 1025 cm-1 is ascribed 

to the C─O and O─H stretching vibration, which belongs to polysaccharide in 

cellulose. The peak observed at 993 cm-1 for 5 wt% ALT-SGF and 5 wt% BCT-SGF is 

attributed to the presence of β-glycosidic linkages between the monosaccharides. 
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Fig. 4.7: FTIR spectra of USGF, 5 wt% ALT-SGF, 5 wt% ACT-SGF, and 5 wt% BCT-SGF in 

the wavenumber range (a) 750–2000 cm-1 and (b) 2000–4000 cm-1. 

Thus the fibers treated with different chemicals strongly suggest that they are 

chemically modified. 

4.3.2 FTIR structural analyses of composites 

4.3.2.1 Effect of different chemicals on composites 

The ATR-FTIR spectra of the PLAF, UFPC, ALT-FPC, ACT-FPC and BCT-FPC are 

shown in Fig. 4.8 (a) and (b), 4.9 (a) and (b), and 4.10 (a) and (b) for the treatment 

concentration of 5, 10 and 15 wt%, respectively.  

In Fig. 4.8 (a), 4.9 (a) and 4.10 (a), the wavenumber range is 650–2100 cm-1, and in 

Fig. 4.8 (b), 4.9 (b) and 4.10 (b), the wavenumber range is 2100–4000 cm-1.  

There is no notable variation in the FTIR spectra of Fig. 4.8 (a), 4.9 (a) and 4.10 (a). 
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stretching vibrations may include the C─C axial elongation and C─N stretching of 

amines of the samples. Also the transmittance peak at 1857–1863 cm-1of 5ALT-FPC, 

10ALT-FPC and 15ALT-FPC belongs to the carbonyl –C═O– stretching vibration of 

linkage of carboxylic acid in lignin or ester group in hemicelluloses. On the other hand, 

there are some variations observed in the spectra of Fig. 4.8 (b), 4.9 (b), and 4.10 (b) 

also show the variation according to the peak position.  

In Fig. 4.8 (b), 4.9 (b), and 4.10 (b) the transmittance peak observed at 2995 cm-1 is the 

characteristic band for the –CH– stretching vibration from CH and CH2 in cellulose and 

hemicellulose components for the sample UFPC. The transmittance peak at 2849 cm-1 

for 5 ACT-FPC and 2853 cm-1 for 10ACT-FPC belongs to the saturated C–H stretching 

vibration. The transmittance peak observed at 2849 cm-1 for 5ACT-FPC and 2853 cm-1 

for 10ACT-FPC may be connected to saturated C–H stretching vibration. The 

transmittance peak at 3745 cm-1 and 3887 cm-1 is associated to the N-H axial 

deformation. The transmittance peak at 2925–2956 cm-1 for the sample 5BCT-FPC, 

10BCT-FPC and 15BCT-FPC is due to the O─H stretching vibration of linkage of 

carboxylic acid. The strong absorption peak at 3745 cm-1 for the sample 5BCT-FPC 

and 3748 cm-1 for the sample 15BCT-FPC may be due to the OH stretching vibration, 

which belongs to polysaccharide in cellulose. 

It is clearly noteworthy that, the sharp peak at the wavenumber position 2153 cm-1 of 

5ACT-FPC is removed at the stage of 10ACT-FPC indicates removing of –C=O 

stretching vibration band. The sharp peak at the wavenumber position 2849 cm-1 of 

5ACT-FPC and 2853 cm-1 of 10ACT-FPC is removed at the stage of 15ACT-FPC 

indicates removing of C–H stretching vibration band. This observation indicates that 

C=O as well as C–H stretching vibration band is obviously removed in the cases of 

higher concentration of acetylation treatment of cellulosic fiber.   

Thus the fibers treated with different chemicals and also different concentrations of 

chemicals strongly suggest that they are chemically modified [11] and for that reason 

they are interacted with the polymer matrix during composite preparation. The main 

transmittance peaks in this study have been identified and are assigned, as presented in 

Table 4.3. 
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Fig. 4.8: FTIR spectra of PLAF, UFPC, 5ALT-FPC, 5ACT-FPC and 5BCT-FPC from the 

wavenumber range of (a) 650−2100 cm-1 and (b) 2100−4000 cm-1. 
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Fig. 4.9: FTIR spectra of PLAF, UFPC, 10ALT-FPC, 10ACT-FPC and 10BCT-FPC from the 

wavenumber range of (a) 650−2100 cm-1 and (b) 2100−4000 cm-1.  
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Fig. 4.10: FTIR spectra of PLAF, UFPC, 15ALT-FPC, 15ACT-FPC and 15BCT-FPC from the 

wavenumber range of (a) 650−2100 cm-1 and (b) 2100−4000 cm-1. 
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Table 4.3: Important peak band assignments of FTIR for PLAF, UFPC and different TFPCs. 

Peak position (cm-1) Sample Assignment 

2995 PLAF, UFPC –CH– stretching 

1857–1863 
5ALT-FPC, 10ALT-

FPC, 15ALT-FPC 

—C=O carbonyl stretching 

vibration 

2177 15ALT- FPC CO2 compound 

2153, 2167 5ACT-FPC, 15ACT-FPC CO2 compound 

2849, 2853 5ACT-FPC, 10ACT-FPC C–H stretching vibration 

3745, 3887 5ACT-FPC, 10ACT-FPC N–H axial deformation 

2852–2857 
5ACT-FPC, 10ACT-

FPC, 15ACT-FPC 
Saturated C–H stretching 

2925–2956 
5BCT-FPC, 10BCT-

FPC, 15BCT-FPC 

O−H stretching vibration of 

linkage of carboxylic acid 

3745, 3748 5BCT-FPC, 15BCT-FPC OH stretching 

From the results of FTIR spectra, it can be noted that the acetic anhydride and benzoyl 

chloride may have interacted chemically with SGF and for this reason the prepared 

composites with these fibers are more compatible than that of the prepared composite 

with untreated fibers.  

4.3.2.2 Effect of chemical concentrations on composites 

The ATR-FTIR spectra of the PLAF, UFPC, and different TFPCs from the 

wavenumber range of 1800–4000 cm-1 are shown in Fig. 4.11 (a), (b) and (c).  

Fig. 4.11 (a) shows the variation of alkali treatment concentrations (5, 10 and 15 wt%) 

with PLAF and UFPC samples. Some changes occur in the wavenumber range of 

2300–2400 cm-1 for all of the alkali treated sponge-gourd fiber reinforced composites. 

In this range the sample PLAF didn‘t show any remarkable peak, but the composites 

show new broad peak and this peak is slightly shifted to the higher order for the alkali 

treated fiber reinforced composites.  
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Fig. 4.11 (b) shows the concentration dependent variations of acetylation treatment (5, 

10 and 15 wt%) with PLAF and UFPC samples. The main changes occur in the 

wavenumber range of 2850–2960 cm-1. In this range the 5ACT-FPC and 10ACT-FPC 

show new peak and this peak is removed for the sample of 15ACT-FPC. This change 

indicates removing of —C=O carbonyl stretching vibration band. Acetylated 

composites also show broad peak in the wavenumber range of 2300–2400 cm-1.  

Fig. 4.11 (c) shows the concentration dependent variations of benzoyl chloride 

treatment (5, 10 and 15 wt%) with PLAF and UFPC samples. For these treatments of 

fibers the main changes also occur in the wavenumber range of 2850–2960 cm-1. In this 

range all of the TFPCs show new peak. Benzoylated composites also show new broad 

peak against the PLAF in the wavenumber range of 2300–2400 cm-1. 

From the Fig. 4.11 and above stated experiment of FTIR, it is significantly notable that 

the acetic anhydride and benzoyl chloride may have interacted chemically with SGF 

than the alkali treatment of the fiber in the case of fiber reinforced composite 

preparation. 
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Fig. 4.11: FTIR spectra of PLAF and UFPC with (a) ALT-FPC, (b) ACT-FPC and (c) BCT-

FPC for different treatment concentrations from the wavenumber range of 1800−4000 cm-1. 
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4.1 Crystalline Structure Observation 

4.1.1 XRD analyses of SGF 

The XRD patterns of USGF, 5 wt% ALT-SGF, 5 wt% ACT-SGF and 5 wt% BCT-SGF 

are illustrated in Fig. 4.12. From XRD profiles, noticeable strong crystalline peaks for 

USGF and different TSGFs are observed, representing the crystallographic (002), 

(110), and (105) planes of cellulose materials of SGF. The peak at 15.9° indicates 

amorphous cellulose of (110) crystallographic plane whereas the peak at 22° indicates 

crystalline cellulose of (002) crystallographic plane [12]. The position of (002) peak is 

shifted to the higher angle with the fiber treatment, indicating a decrease in interplanar 

spacing of (002) planes. By using equation 3.6, the relative intensities have been 

estimated to be Irel(1) = 1.8, Irel(2) = 1.6, and Irel(3) = 1.3 for 5 wt% ALT-SGF, 5 wt% 

ACT-SGF, and 5 wt% BCT-SGF, respectively. These values are inserted in Table 4.4. 

From the results, it is observed that the XRD of SGF show the alkali treatment 

improves the crystallinity of fibers by 81%. Thus, the intensity of the peak of (002) 

plane increases by treatment, suggesting an increase in crystallinity of the modified 

fibers. The results also suggest that a close packing takes place in the cellulose crystal 

possibly by the rearrangement of cellulose molecules after removal of hemicellulose, 

lignin, pectin, etc. by different treatments [13] and is consistent to the results observed.  

 
Fig. 4.12: XRD profiles of USGF and different TSGFs at 5 wt% chemical concentrations. 
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Table 4.4: The relative intensities of 5TSGFs with respect to USGF. 

Sample Intensity (Counts) Relative intensity (Irel) 

USGF 173.5 1.0 

5 wt% ALT-SGF 314.1 1.8 

5 wt% ACT-SGF 281.7 1.6 

5 wt% BCT-SGF 232.5 1.3 

4.1.2 XRD analyses of composites 

The XRD patterns of PLAF, UFPC, ALT-FPC, ACT-FPC and BCT-FPC are illustrated 

in Fig. 4.13 (a) and (b) for the treatment concentrations of 5 and 10 wt%, respectively. 

The two sharp diffraction peaks of PLAF and composites come from the component 

PLA at the scattering angle 2θ = 16.5° and 18.8°. The very small XRD peak of treated 

SGF appears at 22.3° as indicated by arrow. The peaks for PLA are indexed as (101)PLA 

and (203)PLA, and that for SGF is indexed as (002)SGF.  
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Fig. 4.13: Wide angle XRD profiles of PLAF, UFPC, and different TFPCs for the treatment 

concentration of (a) 5 wt% and (b) 10 wt%, prepared with 5 wt% fiber content. 
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PLA crystal. By using the equation 3.7, the relative intensities have been estimated to 

be Irel(1) = 1.6, Irel(2) = 1.0, and Irel(3) = 1.1 for 5ALT-FPC, 5ACT-FPC and 5BCT-FPC, 

respectively, and Irel(4) = 1.6, Irel(5) = 1.6, and Irel(6) = 1.3 for 10ALT-FPC, 10ACT-FPC 
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it is observed that the XRD values of the composites show the alkali treatment 

improves the crystallinity of fibers by 62%. 

This result indicates that the average molecular distance of PLA decreases, showing a 

tendency to decrease the amorphousness of PLA molecules after treated fibers 

inclusion. Conversely, the diffused peak gradually becomes sharp after inclusion of 

USGF and TSGFs in PLA. This observation indicates that PLA crystallinity in the 

composites increases moderately by USGF and largely by TSGFs. These results are 

similar to the reported results [6]. 
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Table 4.5: The relative intensities of 5TFPCs, and 10TFPCs with respect to UFPC. 

Sample Intensity (Counts) Relative intensity (Irel) 

PLAF 1587.91 ––– 

UFPC 1333.93 1.0 

5ALT-FPC 2099.98 1.6 

5ACT-FPC 1358.70 1.0 

5BCT-FPC 1443.36 1.1 

10ALT-FPC 2159.94 1.6 

10ACT-FPC 2156.30 1.6 

10BCT-FPC 1760.47 1.3 

From above discussion as well as from Fig. 4.12 and 4.13, and the Table 4.4 and 4.5, it 

is observed that among the samples, the highest crystallinity is increases 62% for 

10ALT-FPC and the least of value is for the sample UFPC. 

4.4 Mechanical Properties Analyses 

4.4.1 Mechanical properties of SGF 

Typical stress-strain plots of some USGF of length 10 mm and diameter 0.45±0.02 mm 

are shown in Fig. 4.14. Samples of fibers are randomly chosen but the plots are drawn 

with increasing diameter. Notably, the diameters are very close to each other.  

The tensile properties (strength and modulus) of raw and 5, 10 and 15 wt% chemical 

concentrated modified single fibers such as ALT-SGF, ACT-SGF and BCT-SGF have 

also been studied and the results are shown in Fig. 4.15 (a) and (b). The test length of 

the fibers were same (10 mm) and the diameters were approximately equal (d = 

0.45±0.02 mm). The maximum stress or the strength (σ) values for USGF, ALT-SGF, 

ACT-SGF and BCT-SGF are found to be 44, 73, 75.7 and 122 MPa, whereas the 

Young modulus (Y) values are measured to be 256, 693, 750 and 985 MPa, 

respectively. The values of σ and Y increase with the treatment of SGF. By chemical 

treatment, it is possible to eliminate waxy components from fibers, thereby producing a 

close packing of cellulose crystal, which may be responsible for higher σ and Y values. 

From mechanical tests, it is found that the highest σ and Y value of 122 and 985 MPa 

are obtained in the case of 10 and 15 wt% BCT-SGF, respectively. 
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Fig. 4.14: The stress-strain plots of some USGF of length 10 mm and approximately equal 

diameter (0.45±0.02 mm). 
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Fig. 4.15: Comparison among USGF and differently treated SGF for same length and 

approximately equal diameter (d=0.45±0.02 mm) of (a)  values and (b) Y values. 
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The superimposed lines are drawn by the Griffith model, revealing a decrease in fiber 

strength/modulus as the diameter (𝑑) increases. The probability of having a large 

number of flaws was found in a fiber with a large cross-sectional area as compared to a 

fiber with a small cross-sectional area [14]. 

 
Fig. 4.16: Tensile strength (σ) and Young‘s modulus (Y) versus fiber diameter (d) plots for the 
fibers of length 10 mm of USGF. 
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Fig. 4.17: Tensile strength (σ) and Young‘s modulus (Y) versus fiber diameter (d) plots for 5, 

10 and 15 wt% ALT-SGF. 
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Fig. 4.18: Tensile strength (σ) and Young‘s modulus (Y) versus fiber diameter (d) plots for 5, 

10 and 15 wt% ACT-SGF. 
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Fig. 4.19: Tensile strength (σ) and Young‘s modulus (Y) versus fiber diameter (d) plots for 5, 

10 and 15 wt% BCT-SGF. 
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Hence the observed low  and Y for fiber of a large 𝑑 than a fiber of a small 𝑑 is 

rational. A and B values obtained from the above graphs are tabulated in Table 4.6.  

Table 4.6: The constant A and B values of USGF and differently treated SGF of 20 samples 

obtained from the Griffith model. 

Samples 
Chemical 

concentrations 

A (MPa) 

from σ 

B (KPa) 

from σ 

A (MPa) 

from Y 

B (KPa) 

from Y 

USGF 0 wt% 115.17 903.05 586.96 3980 

ALT-SGF 

5 wt% 540.30 3300 3701.82 20500 

10 wt% 168.34 4911 3009.25 8680 

15 wt% 136.64 273.7 748.32 1970 

ACT-SGF 

5 wt% 268.54 1240 1177.09 2010 

10 wt% 184.97 749.40 2876.56 7300 

15 wt% 118.77 156 2794.08 7150 

BCT-SGF 

5 wt% 141.83 231.11 1228.87 1180 

10 wt% 250.39 403.12 2794.62 7690 

15 wt% 352.80 1910 1516.65 631.70 

Table 4.7: The σ and Y values of USGF and TSGFs obtained from two constant A and B values 

of Griffith model by using equation 4.1. The average value of diameter is 0.45 mm. 

Samples Chemical concentrations Strength, σ (MPa) Modulus, Y (MPa) 

USGF 0 wt% 117.1768 595.8044 

ALT-SGF 

5 wt% 547.6333 3747.376 

10 wt% 179.2533 3028.539 

15 wt% 137.2482 752.6978 

ACT-SGF 

5 wt% 271.2956 1181.557 

10 wt% 186.6353 2892.782 

15 wt% 119.1167 2809.969 

BCT-SGF 

5 wt% 142.3436 1231.492 

10 wt% 251.2858 2811.709 

15 wt% 357.0444 1518.054 
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Due to a notable divergence of the curve from the experimental values, the Griffith 

model cannot be used to accurately interpolate the observed results. For this reason, 

another two-parameter model, namely the Weibull distribution, has been applied to 

define the fiber strength and modulus. 
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Fig. 4.20: Weibull plots of 𝑙𝑛𝜎 versus 𝑙𝑛 𝑙𝑛  1/(1 − 𝑃𝑓)  for 10 mm fiber length of USGF and 

differently treated SGF. 
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Fig. 4.21: Weibull plots of 𝑙𝑛 𝑌 versus 𝑙𝑛 𝑙𝑛  1/(1 − 𝑃𝑓)  for 10 mm fiber length of USGF 

and differently treated SGF. 
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Fig. 4.20 and 4.21 represent the Weibull plots of 𝑙𝑛𝜎 and 𝑙𝑛𝑌 versus 𝑙𝑛 𝑙𝑛  1/(1 −

𝑃𝑓)  for 10 mm fiber length along with a least square fit for the best line. The data 

points are approximated to the best straight line, demonstrating a good fit using this 

distribution. For most of NFs, the common value for Weibull modulus (μ) range is 

between 1 and 6 [15]. 

However, the modulus is found between 2 and 6 for all tested SGF, which is in the 

same range in comparison with other NFs. Our results demonstrate that the SGF 

obtained by the extraction process have a large scatter in their strength distribution, 

which is expected due to the statistical nature of the fracture. 

The Weibull modulus (μ), the characteristic strength and modulus (o and Yo) and the 

linear coefficient (R2) obtained from analyses are summarized in the Table 4.8. 

Table 4.8: Weibull parameters and coefficient of USGF and different TSGFs at 10 mm test 

length of 20 samples of each category. 

Sample 

Chemical 
concentrations 

(wt%) 

Weibull modulus, 
μ 

Characteristic 
strength and 

modulus, (MPa) 

Linear 
coefficient, R2 

For  For Y o Yo For  For Y 

USGF 0 3.68 2.64 102.69 1304.18 0.918 0.970 

ALT-SGF 

5 3.03 2.60 183.84 1010.21 0.973 0.938 

10 2.65 2.43 177.19 2331.23 0.962 0.962 

15 4.45 2.45 104.16 662.05 0.971 0.957 

ACT-SGF 

5 2.90 2.10 171.46 1490.62 0.965 0.839 

10 5.26 2.40 121.57 2036.51 0.960 0.919 

15 3.56 2.55 133.63 1561.75 0.929 0.894 

BCT-SGF 

5 5.15 2.54 119.36 1568.86 0.961 0.983 

10 3.46 2.73 251.18 1950.17 0.952 0.986 

15 3.09 2.61 182.42 1936.09 0.977 0.989 
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Since tensile test results of NFs are very difficult to analyze due to their widely 

scattered values, statistical analysis of experimental data by Weibull distribution model 

shows a good fit with the Weibull straight-line, having a linear coefficient, 

R2≥(0.918−0.977) (Fig. 4.20 and 4.21). 

From the Fig. 4.20 and Table 4.8, the information about the strength of SGF is 

obtained. The strength of differently treated SGF is higher than that of USGF. 

Moreover, among the alkali treated SGF the highest strength is obtained 183.84 MPa 

for 5 wt% ALT-SGF followed by 10 and 15 wt% ALT-SGF. In addition, among the 

acetylated SGF the highest strength value is obtained 171.46 MPa for 5 wt% ACT-SGF 

followed by 15 and 10 wt% ACT-SGF. Among the benzoylated SGF the highest 

strength value is obtained 251.18 MPa for 10 wt% BCT-SGF followed by 15 and 5 

wt% BCT-SGF. However, the highest value among all samples is obtained 251.18 MPa 

for 10 wt% BCT-SGF. 

Fig. 4.22 indicates the probability of failure 𝑃𝑓(𝜎) and 𝑃𝑓(𝑌) versus 𝑙𝑛𝜎 and 𝑙𝑛𝑌 for 

USGF. From the plots, it can be seen that a two-parameter Weibull distribution 

provides a reasonable fit of the experimental data than the Griffith empirical model for 

both tensile strength and tensile modulus. 

 

Fig. 4.22: The probability of failure 𝑃𝑓(𝜎) and 𝑃𝑓(𝑌) versus 𝑙𝑛𝜎 and 𝑙𝑛𝑌 plots of length 10 
mm for USGF. Filled circles for the tensile strength and open circles are for tensile modulus. 
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Fig. 4.23: The probability of failure 𝑃𝑓(𝜎) and 𝑃𝑓(𝑌) versus 𝑙𝑛𝜎 and 𝑙𝑛𝑌 plots of length 10 

mm for 5, 10 and 15 wt% ALT-SGF. 
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Fig. 4.24: The probability of failure 𝑃𝑓(𝜎) and 𝑃𝑓(𝑌) versus 𝑙𝑛𝜎 and 𝑙𝑛𝑌 plots of length 10 

mm for 5, 10 and 15 wt% ACT-SGF. 
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Fig. 4.25: The probability of failure 𝑃𝑓(𝜎) and 𝑃𝑓(𝑌) versus 𝑙𝑛𝜎 and 𝑙𝑛𝑌 plots of length 10 

mm for 5, 10 and 15 wt% BCT-SGF. 

Fig. 4.23, 4.24 and 4.25 indicate the probability of failure 𝑃𝑓(𝜎) and 𝑃𝑓(𝑌) versus 𝑙𝑛𝜎 

and 𝑙𝑛𝑌 for differently treated SGF. From these plots, it can be seen that a two-

parameter Weibull distribution provides a reasonable fit than that of previously 

observed Griffith empirical single parameter model of the experimental data for both 

mechanical properties (strength and modulus). 

From the above discussion it is clear that the Griffith model provides high scattering 

information of mechanical properties. On the other hand, the Weibull distribution 

function reveals a good fit with the observed data and a good scaling to strength or 

modulus of SGF. So, the Weibull distribution model is superior to the Griffith model to 

analyze the mechanical properties of SGF. 
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4.4.3 Mechanical properties of composites 

4.4.3.1 Load-Compression curves 

Fig. 4.26 shows the load-compression curve of PLAF, UFPC and differently treated 

fiber reinforced composites. In all of these composites the fiber content were 5 wt%. 

Here it is clearly observed that the maximum load needed to apply for 5BCT-FPC and 

the maximum compression occurs of UFPC for the minimum applied load. It is also 

observed that the applied loads needed for different TFPCs are higher than that of 

PLAF and UFPC. 

 

Fig. 4.26: Load-compression curve of PLAF, UFPC and different TFPCs for 5 wt% chemical 

concentrations and 5 wt% fiber contents in composites. 

4.4.3.2 Compressive strength test 

The compressive strength (CS) test results for PLAF, UFPC, ALT-FPC, ACT-FPC and 

BCT-FPC shown in Fig. 4.27 (a), (b) and (c) indicate 5, 10 and 15 wt% chemical 

concentration treated fiber reinforced composites, respectively.  

The strength of the UFPC for 10 wt% fiber content is the least of value 6.7 MPa. But 

the strength of UFPC contains 5 wt% fiber content is 7.6 MPa, which is more than that 

of the sample for UFPC for 10 wt% fiber content. This result confirms that the 

compressive strength decreases with the increase of untreated fiber content. 
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In Fig. 4.27 (a), in the case of 5 wt% chemical concentration treated fiber reinforced 

composites, the highest CS value is found for 5BCT-FPC having the value of 9.5 and 

9.8 MPa for 5 and 10 wt% fiber contents, respectively. Here, it is clearly observed that 

the CS value is increased with the increase of chemically modified fiber content. 
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Fig. 4.27: Comparison of compressive strength values among PLAF, UFPC and different 

TFPCs with 5 and 10 wt% fiber contents and (a) 5 wt%, (b) 10 wt% and (c) 15 wt% of 

chemical concentrations.  

Fig. 4.27 (b) shows for the CS test results for PLAF, UFPC and 10ALT-FPC, 10ACT-

FPC and 10BCT-FPC. Here, the highest strength is found for 10BCT-FPC having the 

value of 11.1 MPa for 10 wt% fiber contents. 
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Among all of the tested samples, it is observed that the CS value for 10TFPCs is the 

highest than that of other treated fiber reinforced composites and this value is 11.1 

MPa. The results of CS for different samples are introduced in Table 4.9. 
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Table 4.9: Compressive strength values for PLAF, UFPC and different TFPCs contain 5 and 

10 wt% fiber content. 

Sample 
Compressive 

strength (MPa) 
Sample 

Compressive 

strength (MPa) 

PLAF 8.3   

5 wt% fiber content 10 wt% fiber content 

UFPC 7.6 UFPC 6.7 

5ALT-FPC 8.4 5ALT-FPC 8.8 

10ALT-FPC 9.7 10ALT-FPC 10.3 

15ALT-FPC 8.4 15ALT-FPC 9.6 

5ACT-FPC 8.6 5ACT-FPC 9.2 

10ACT-FPC 10.0 10ACT-FPC 10.1 

15ACT-FPC 8.8 15ACT-FPC 10.1 

5BCT-FPC 9.5 5BCT-FPC 9.8 

10BCT-FPC 9.9 10BCT-FPC 11.1 

15BCT-FPC 9.7 15BCT-FPC 10.1 

From Fig. 4.27 (a), (b) and (c), it is observed that the CS values of treated samples are 

more than that of PLAF and UFPC. It is mentionable that the increase of treated fiber 

content is responsible to the increase of strength of the composites. Moreover, it is 

observed that the formation of cracks is extended in the specimens without fibers. 

However, the increase in CS due to SGF inclusion can be attributed to the improvement 

in the mechanical strength values between the fibers and matrix where the fibers 

contribute to delay of micro-crack formation and stop their propagation afterwards up 

to a certain extent of fibers content fraction [17, 18]. 
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4.5 Surface Morphology Observation 

4.5.1 Fiber surface morphology 

FESEM micrographs of the longitudinal surfaces of USGF, 5 wt% ALT-SGF, 5 wt% 

ACT-SGF and 5 wt% BCT-SGF are displayed in Fig. 4.28. SGF is not a single filament 

like glass fiber, but rather a bundle of cellulose fibrils making a fibrous vascular system 

in a hierarchical structure. Surface of USGF shows too much waxes and water soluble 

impurities (Fig. 4.28-a). It has many alcohol groups, limited (acidic) carboxylic groups, 

reducing (aldehydic) groups that provide ample scope for chemical anchorage of 

epoxide group segments on resin [19]. 

 

Fig. 4.28: FESEM micrographs of (a) USGF, (b) 5 wt% ALT-SGF, (c) 5 wt% ACT-SGF and 

(d) 5 wt% BCT-SGF. 

The diameter of SGF considerably varies in the range of about 0.20–0.60 mm. Surface 

of untreated fiber (Fig. 4.28-a) is comparatively smoother than treated ones (Fig. 
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4.28b–d). The 5 wt% BCT-SGF shows much rough surface with exposed fibrils (Fig. 

4.28-d), whereas the 5 wt% ALT-SGF and 5 wt% ACT-SGF show less roughness (Fig. 

4.28-b and 4.28-c). Modifications of fiber surfaces by the earlier mentioned chemicals 

disrupt hydrogen bonding in the network structure, thereby increasing surface 

roughness. These treatments remove a certain amount of lignin, waxes, and 

hemicelluloses of the fiber cell wall. For this reason the diameter as well as the cross-

sectional area of the single SGF decreases after modifications by chemical treatments. 

4.5.2 Surface morphology of the composites 

Fig. 4.29 illustrates FESEM micrograph of the fractured surface of PLAF. The surface 

of the image is not fairly smooth. The porosity of PLA increases when it is made PLAF 

by melt compounding technique. Besides, a lot of flaws and voids are seen on the 

surface of PLAF. In Fig. 4.30 (a) and (b), the images of UFPC for 5 and 10 wt% SGF, 

respectively, show lot of weak interfaces, resulting poor adhesion between fiber and 

matrix components. Huge pores are also found on the surfaces of both images.  

 

Fig. 4.29: FESEM micrograph of PLAF. 
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Fig. 4.30: FESEM micrographs of UFPC of (a) 5 wt% SGF and (b) 10 wt% SGF. 

The interfacial adhesion of the differently treated fiber reinforced composites (TFPCs) 

were examined and compared among the samples prepared by 5 and 10 wt% SGF, and 

also it is compared among the TFPCs of 5 and 10 wt% chemical concentrations. 

Chapter: 4          Results and Discussion  
       



180 
 
Fig. 4.31 (a), (b) and (c) represents FESEM micrographs of the fractured surfaces of 

5ALT-FPC, 5ACT-FPC and 5BCT-FPC, respectively for 5 wt% SGF, and Fig. 4.31 

(d), (e) and (f) represents FESEM micrographs of same TFPCs for 10 wt% SGF. 

 

Fig. 4.31: FESEM micrographs of 5TFPCs of 5 wt% SGF (a, b and c), and of 10 wt% SGF (d, 

e and f). 

The micrographs of treated fiber reinforced composites show that the impact between 

PLA matrix and SGF is improved to some extent. It is clear that the surfaces of the 

5ALT-FPC for 5 and 10 wt% SGF are slightly rough but smoother than that of PLAF 

and UFPC. Here it is also clearly observed that the sample surface for 10 wt% SGF is 
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smoother than that of 5 wt% SGF. In Fig. 4.31 (b) and (e), it is remarkable that the 

interfacial adhesion between matrix and SGF powder is found to be improved. In Fig. 

4.31 (c) and (f), it is seen that the surface is a little bit rough and some cracks are 

observed.  

 

Fig. 4.32: FESEM micrographs of 10TFPCs of 5 wt% SGF (a, b and c), and of 10 wt% SGF (d, 

e and f). 

Among all of the samples, the samples for 10 wt% SGF show better adhesion between 

fiber-powder and matrix than that of 5 wt% SGF, confirming that the increases of 

treated fiber improved the adhesion quality between the matrix and fiber. 
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Fig. 4.32 (a)–(f) represent the FESEM images of fractured surfaces of 10ALT-FPC, 

10ACT-FPC and 10BCT-FPC for 5 and 10 wt% SGF, respectively. Fig. 4.32 (a) and 

(d) are relatively smooth indicating that the impact between fiber and matrix is good. It 

is clear that the surface of the 10ALT-FPC is smoother than that of 5ALT-FPC. 

Among these samples, the samples for 10 wt% SGF show better adhesion between 

fiber-powder and matrix than that of 5 wt% SGF. In Fig. 4.32 (b), (e), (c) and (f), it is 

clearly seen that the interfacial adhesion between PLA matrix and SGF-powder of 

10TFPCs are also found to be improved than that of 5TFPCs of Fig. 4.31. 

4.6 Thermal Analyses 

4.6.1 Thermal properties of SGF 

4.6.1.1 Thermal degradation (Thermogravimetric) analysis 

Fig. 4.33 (a), (b) and (c) illustrates the TGA thermograms of the USGF and different 

TSGFs of 5, 10 and 15 wt% chemical concentrations, investigated in a temperature 

range of 25─550oC. It shows the remaining mass fraction with temperature. 
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Fig. 4.33: TGA curves of USGF, ALT-SGF, ACT-SGF and BCT-SGF treated by (a) 5 wt%, 

(b) 10 wt% and (c) 15 wt% chemical concentrations. 
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The initial weight loss observed between 50 and 125oC is attributed to the vaporization 

of water from the fibers, whilst the on-set degradation for the SGF occurs at higher 

temperature, precisely after 250oC. The TGA traces of USGF and TSGFs seem to fall at 

75oC, indicating the emission of absorbed moisture. The TGA sharp-fall occurs at 

different temperatures, depending on the samples. The on-set temperature (To), the 

temperature at 50% weight loss T50, and the end-set temperature (Te) values evaluated 

from the TGA curves of SGF samples are introduced in Table 4.10.  

Table 4.10: To, T50 and Te values obtained from TGA thermograms data of USGF and 

differently treated SGF. 

Sample To °C T50 °C Te °C 

USGF 253.8 307.6 337.2 

5 wt% ALT-SGF 265.4 339.7 351.0 

10 wt% ALT-SGF 274.4 321.2 353.2 

15 wt% ALT-SGF 288.4 318.8 351.1 

5 wt% ACT-SGF 274.0 347.8 372.3 

10 wt% ACT-SGF 289.0 324.4 359.9 

15 wt% ACT-SGF 289.9 340.7 374.7 

5 wt% BCT-SGF 270.9 327.3 363.8 

10 wt% BCT-SGF 307.7 355.7 381.7 

15 wt% BCT-SGF 305.6 354.0 385.2 

From results, it is clear that the highest To value is observed 307.7°C for the sample 10 

wt% BCT-SGF and the T50 value of the sample 10 wt% BCT-SGF is 355.7°C. These 

values are higher than that of any other sample, thereby indicating the fiber 10 wt% 

BCT-SGF is thermally more stable than others.  

Here, it is notable that in the case of 5 wt% chemical concentration treatment the 

acetylated SGF shows more thermal stability than alkali treated and benzoylated SGF. 

The T50 value of the sample 5 wt% ACT-SGF is 347.8°C and this is the highest value 

among 5 wt% chemical concentration treated fibers. 
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4.6.1.2 Differential thermal analysis 

Fig. 4.34 (a), (b) and (c) shows the DTA thermograms of the USGF and differently 

treated SGF of 5, 10 and 15 wt% chemical concentrations, investigated in a temperature 

range of 25─550oC.  
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Fig. 4.34: DTA curves of USGF, ALT-SGF, ACT-SGF and BCT-SGF treated by (a) 5 wt%, 

(b) 10 wt% and (c) 15 wt% chemical concentrations. 

The exothermic and endothermic peaks of DTA for USGF, 5TSGF, 10TSGF and 

15TSGF are indicated in the Fig. 4.34 and the observed peak values are inserted in 

Table 4.11. The DTA curve shows that the exotherm occurs at relatively higher 

temperature for differently treated SGF than that of USGF. The observed results 

indicate that the benzoyl chloride treated fibers are thermally more stable than others 

and the chemical treatments of SGF result in slow thermal decomposition. This may be 

connected to the different decomposition behaviors of the molecules of the differently 

treated SGF [20]. 

The decomposition of the parent molecule, benzoyl chloride, is highly condition-

dependent with the sample heating rate and temperature of decomposition playing a 

preponderant role in the course of the decomposition. As the temperature of 
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decomposition from -90 to -215 kJ/mol. Under most conditions investigated, the 

temperature at which gas flow was initiated was 147–150oC. Decomposition was 

observed to take place over two stages, where the sample was heated directly from 

40oC at the required heat up rate. Where the sample was heated in stages and where 

calibrations had been carried out preceding decomposition, the decomposition took 

place in one stage alone. The degradation of SGF has been ascribed by the dissociation 

of C-C chain bonds along with H-abstraction at the site of dissociation [21]. 

Table 4.11: Degradation temperatures of USGF and differently treated SGF. 

Sample 
Exothermic peak (°C) Endothermic peak (°C) 

1st Peak 2nd Peak 1st Peak 2nd Peak 

USGF – 372.6 – – 

5 wt% ALT-SGF 339.5 – 373.6 – 

10 wt% ALT-SGF 352.9 – 390.7 – 

15 wt% ALT-SGF 351.4 – 393.4 – 

5 wt% ACT-SGF 347.7 530.6 – – 

10 wt% ACT-SGF 326.7 – 375.4 – 

15 wt% ACT-SGF 395.5 – 465.1 – 

5 wt% BCT-SGF 351.9 393.1 – – 

10 wt% BCT-SGF 352.9 – 357.2 – 

15 wt% BCT-SGF 396.5 482.6 – – 

4.6.1.3 Differential thermogravimetric analysis  

Fig. 4.35 (a), (b) and (c) exhibits the DTG curves of the USGF and differently treated 

SGF of 5, 10 and 15 wt% chemical concentrations, investigated in a temperature range 

of 25─575oC. Some newly broad peaks are observed for each sample, indicating 

thermal decomposition temperatures (Td) which are nearer to T50 values as observed by 

TGA. The Td values for USGF, 5TSGFs, 10TSGFs and 15TSGFs are compared with 

T50 values of same samples and are summarized in Table 4.12. 
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Fig. 4.35: DTG curves of USGF, ALT-SGF, ACT-SGF and BCT-SGF treated by (a) 5 wt%, 

(b) 10 wt% and (c) 15 wt% chemical concentrations. 
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TG. It is measuring the weight loss of the sample during the heating process. Usually it 
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thermal processes. The TGA and DTG can be obtained from the same result, while 
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the constituents of organic matter at specific temperature with the help of peaks during 

DTG analysis. 
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Table 4.12: Decomposition temperature (Td) compared to temperature at 50% weight loss (T50). 

Sample Td values (°C) from DTG T50 values (°C) from TGA  

USGF 327.6 307.6 

5 wt% ALT-SGF 334.0 319.7 

10 wt% ALT-SGF 342.0 321.2 

15 wt% ALT-SGF 332.9 318.8 

5 wt% ACT-SGF 357.1 342.7 

10 wt% ACT-SGF 346.1 324.4 

15 wt% ACT-SGF 357.0 340.7 

5 wt% BCT-SGF 363.3 347.3 

10 wt% BCT-SGF 372.8 355.7 

15 wt% BCT-SGF 363.9 354.0 

The observed values strongly represent that 10 wt% BCT-SGF are thermally more 

stable than others. Therefore, benzoyl chloride treatment appears as better chemical 

treatment to produce thermally more stable fibers. 

4.6.2 Thermal properties of the composites 

4.6.2.1 Thermal degradation (Thermogravimetric) analysis 

Fig. 4.36 (a) and (b) illustrate the TGA thermograms of PLAF and UFPC as well as 

5TFPCs and 10TFPCs, respectively with 5 wt% fiber content, investigated in a 

temperature range of 35─575oC. 

The on-set degradation for all samples occurs at higher temperature, precisely after 

280oC. The TGA sharp-fall occurs at different temperatures, depending on the samples. 

The on-set temperature (To), the temperature at 50% weight loss (T50) and the end-set 

temperature (Te) values evaluated from the TGA curves of the samples are introduced 

in Table 4.13. From the results, the thermal stability of the benzoylated fiber reinforced 

composites is found to increase, showing the highest To and T50 values of 368.8 and 

405.3oC, respectively, for the sample 10BCT-FPC. 
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Fig. 4.36: TGA curves for the sample of PLAF, UFPC, and different TFPCs for the chemical 

concentrations of (a) 5 wt% and (b) 10 wt%, prepared with 5 wt% fiber content. 
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Table 4.13: To, T50 and Te values obtained from TGA thermograms data of PLAF, UFPC and 

different TFPCs.  

Sample To °C T50 °C Te °C 

PLAF 315.6 349.8 370.7 

UFPC 286.3 322.7 338.9 

5ALT-FPC 323.8 356.7 380.0 

10ALT-FPC 326.4 356.9 382.1 

5ACT-FPC 303.9 353.9 379.0 

10ACT-FPC 324.2 357.0 386.6 

5BCT-FPC 331.9 363.9 386.9 

10BCT-FPC 368.8 405.3 423.7 

From the results presented in Table 4.13, it is clearly seen that the thermal stability of 

the TSGFs reinforced composites is also found to increase by an amount of 15–30%. 

4.6.2.2 Differential thermal analysis 

Fig. 4.37 (a) and (b) illustrate the differential thermal analysis (DTA) curves of PLAF 

and UFPC as well as 5TFPCs and 10TFPCs, respectively with 5 wt% fiber content, 

investigated in a temperature range of 35─600oC.  
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Fig. 4.37: DTA curves for the sample of PLAF, UFPC, and different TFPCs for the chemical 

concentration of (a) 5 wt% and (b) 10 wt%, prepared with 5 wt% fiber content. 

The values of the melting temperature (Tm) and degradation temperature (Td) of PLAF, 

UFPC and different TFPCs are introduced in Table 4.14. 
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Sample Tm
 oC Td

 oC 

PLAF 173.4 385.4 

UFPC 173.0 319.0 

5ALT-FPC 195.9 384.0 

10ALT-FPC 182.9 385.5 

5ACT-FPC 184.7 363.7 

10ACT-FPC 189.4 387.2 

5BCT-FPC 180.0 391.8 

10BCT-FPC 192.7 404.4 
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The observed results strongly suggest that the benzoyl chloride treated fiber reinforced 

PLA composites are thermally more stable than others and the chemical treatments of 

SGF result in slow thermal decomposition. This may be connected to the different 

decomposition behaviors of the molecules of the differently treated SGF. The 

decomposition of the parent molecule, benzoyl chloride, is highly condition-dependent 

with the sample heating rate and temperature of decomposition playing a preponderant 

role in the course of the decomposition [20].  

The degradation of SGF reinforced PLA composites have been ascribed by the 

dissociation of C-C chain bonds along with H-abstraction at the site of dissociation [1]. 

4.6.2.3 Differential thermogravimetric analysis 

Fig. 4.38 (a), (b) and (c) represents the differential thermogravimetric analysis (DTG) 

curves of the PLAF, UFPC and different TFPCs of 5 and 10 wt% chemical 

concentrations, investigated in a temperature range of 35─600oC.  
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Fig. 4.38: DTG curves of USGF, ALT-SGF, ACT-SGF and BCT-SGF treated by (a) 5 wt% 

and (b) 10 wt% chemical concentrations. 

4.7 Biomedical Observation 

4.7.1 Antibacterial activities 

Fig. 4.39 shows the antibacterial activities of the UFPC, 5ALT-FPC, 5ACT-FPC and 

5BCT-FPC composites. Evaluation of antibacterial activities was carried out through 

dynamic shake flask method accompanying with plate count agar technique using 

Gram-negative bacteria Escherichia coli (E. coli) and Gram-positive bacteria 

Staphylococcus aureus (S. aureus) (Reference: FARL-72) as testing bacteria. 

Antibacterial properties of materials were accounted by comparative analysis of viable 

cell count from treated and untreated composites by means of bactericidal behavior. We 

have found that the antibacterial activity has decreased with the treatment of SGF. It is 

observed that there is no zone of inhibition surrounded the sample disc. Moreover, the 

used chemicals couldn‘t import antimicrobial properties to the composites. So, none of 

the samples have any antibacterial effect on E. coli and S. aureus. 
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Fig. 4.39: The antibacterial activities of UFPC, 5ALT-FPC, 5ACT-FPC and 5BCT-FPC. 

4.7.2 Cytotoxicity of the composites 

Fig. 4.40 (a), (b) and (c) show the cytotoxic effect of only treated samples like 5ALT-

FPC, 5ACT-FPC and 5BCT-FPC, respectively. All of the samples were tested on the 

category of non-cancer cell line. The results collected after 72 hrs from the time of 

sample placement. None of the samples show cytotoxic effect on vero-cell (non-cancer 

cell) line. The test results are summarized in Table 4.15. 
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Fig. 4.40: The cytotoxic effect of 5ALT-FPC, 5ACT-FPC and 5BCT-FPC. 
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Table 4.15: Cytotoxic effect of 5ALT-FPC, 5ACT-FPC and 5BCT-FPC. 

Sample ID Survival of cells (Vero) Remarks/Results 

Solvent (−) 100% 
No cytotoxicity was 

observed on vero cell 

(non-cancer cell) line. 

5ALT-FPC >95% 

5ACT-FPC >95% 

5BCT-FPC >95% 

The protocols in this research describe the growth and maintenance of Vero-cells using 

DMEM as the culture medium. The DMEM is a very common culture medium, but a 

variety of other media can also be successfully used with Vero cells. Depending on the 

application, it may be desired or necessary to count the number of cells (i.e., if a 

specific number of cells need to be analyzed, plated, etc.). The concentration of cells in 

suspension (following trypsin treatment) was determined using a hemacytometer. In 

this figure, the black shadows indicated the amount of death cells and the light colors 

indicated the survivor cells. Percentages of cytotoxicity were calculated using the 

equation 3.10. The images proof that the prepared samples are not harmful for non-

cancer cell of human body. 
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CONCLUSIONS 

5.1 Summary 

Alkalization by sodium hydroxide (NaOH), acetylation by acetic anhydride 

[(CH3CO)2O], and benzoylation by benzoyl chloride (C6H5COCl) treatments of 

sponge-gourd fibers disrupt hydrogen bonding in the network structure, thereby 

increasing surface roughness. These treatments remove a certain amount of lignin, 

waxes, and hemicelluloses of the fiber cell wall, depolymerize cellulose, and expose the 

short-length cellulose fibril. 

The density of USGF, PLAF and the UFPC is found 0.703, 0.844 and 0.679 g/cm3, 

respectively. When neat PLA is dissolved to prepare PLAF the density decreases. The 

main reason of this characteristic is the creation of huge amount of voids or pores 

during the preparation of PLAF by melt compound technique. The composite UFPC, 

prepared by untreated SGF, has also huge amount of voids because of poor adhesion 

between PLA matrix and fibers. For this reason it is found that the density of UFPC is 

the lowest among that of others. The highest density of the TFPCs is found for 10ALT-

FPC and this value is 0.822 g/cm3. 

Water intake (WI) increases rapidly at the initial stage and nearly levels off after 10 

days for UFPC, after 15 days for TFPCs and after 17 days for PLAF. These results 

indicate that the absorption of water is slower for PLAF and TFPCs than UFPC. WI is 

more in UFPC followed by BCT-FPC, ACT-FPC, ALT-FPC for both 5 and 10 wt% 

treated fiber reinforced composites and PLAF. Although it is observed that WI values 

of 5TFPCs is higher than that of 10TFPCs, the WI values of the samples for 10 wt% 

fiber volume are more than that of the samples for 5 wt% fiber volume. The maximum 

WI obtained in this study is 48.6% for UFPC with 10 wt% fiber volume. 

The weight loss (WL) values of all samples increase monotonously. As represented, all 

composites show an increased degradation rate during buried under soil. The results 

suggest that the degradability of composites is slightly higher than that of PLAF. WL is 

more in 10ACT-FPC followed by 10ALT-FPC, 10BCT-FPC for 10 wt% treated fiber 

reinforced composites. Although it is observed that the WL values of 10TFPCs is higher 

than that of 5TFPCs. The WL values of the samples for 10 wt% fiber volume are more 

than that of the samples for 5 wt% fiber volume. After 28 days the highest value of WL 

is found in this study is 54.1% for the sample 10ACT-FPC with 10 wt% fiber volume. 
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FTIR spectrum of the SGF shows transmittance bands of chemical groups‘ 

characteristic of lignocellulosic fiber compounds. Such components are mainly 

composed of alkenes and aromatic groups and various oxygen containing functional 

groups (ester, ketone and alcohol). A broad transmittance band of USGF and different 

TSGFs in the region 3250–3600 cm-1 corresponds to the characteristic ─OH stretching 

vibration and hydrogen bond of the hydroxyl groups. The broad peak appeared at 3330 

cm-1 indicates the ─OH band, whose intensity decreases for 5 wt% ALT-SGF and also 

decreases more for 5 wt% BCT-SGF. The peak at 2914 cm-1 is the characteristic band 

for the CH stretching vibration from CH and CH2 in cellulose and hemicellulose 

components. The transmittance peak at 1564 cm-1of 5 wt% ALT-SGF belongs to the 

carbonyl C═O stretching vibration of linkage of carboxylic acid in lignin or ester group 

in hemicelluloses, and the band at 1409 cm-1 arises from CH deformation. The 

carboxylic groups may also be present in the fiber as traces of fatty acids in oils. The 

transmittance peak at 1323 cm-1 is associated to the CH2 symmetric bending present in 

cellulose. The transmittance peak at 1160 cm-1 from the skeletal stretching vibrations 

includes the C─O─C stretching and at 1108 cm-1 from C─N ring vibration of 5 wt% 

ALT-SGF. The transmittance peak at 1053 cm-1 is due to the anti-symmetrical 

deformation of the C─O─C band. The strong absorption peak at 1025 cm-1 is ascribed 

to the C─O and O─H stretching vibration, belongs to polysaccharide in cellulose.  

In the case of composites, the transmittance peak observed at 2995 cm-1 is the 

characteristic band for the –CH– stretching vibration from CH and CH2 in cellulose and 

hemicellulose components for the sample UFPC. The transmittance peak at 2849 cm-1 

for 5 ACT-FPC and 2853 cm-1for 10ACT-FPC belongs to the saturated C–H stretching 

vibration. The transmittance peak observed at 2852–2857 cm-1 may be connected to 

saturated C–H stretching vibration. The transmittance peak at 3745 cm-1 and 3887 cm-1 

is associated to the N-H axial deformation. The transmittance peak at 2925–2956 cm-1 

for the sample 5BCT-FPC, 10BCT-FPC and 15BCT-FPC is due to the O─H stretching 

vibration of linkage of carboxylic acid. The strong absorption peak at 3745 cm-1 for the 

sample 5BCT-FPC and 3748 cm-1 for the sample 15BCT-FPC may be due to the OH 

stretching vibration, which belongs to polysaccharide in cellulose. From the results of 

FTIR spectra, it can be noted that the acetic anhydride and benzoyl chloride may have 

interacted chemically with SGF and for this reason the prepared composites with these 

fibers are more compatible than that of the prepared composite with untreated fibers. 
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From XRD profiles, a noticeable strong crystalline peak for USGF fiber is observed, 

representing the crystallographic (002), (110), and (105) planes of cellulose materials 

of SGF. The position of (002) peak is shifted to higher angle with the fiber treatment, 

indicating a decrease in interplanar spacing of (002) planes. From the results, it is 

observed that the XRD of SGF show the alkali treatment improves the crystallinity of 

fibers by 81%.  

In the case of PLAF and different composites, the two sharp diffraction peaks of PLAF 

and composites come from the component PLA at the scattering angle 2θ = 16.50° and 

18.80°. The very small XRD peak of treated SGF appears at 22.30° as indicated by 

arrow. The peaks for PLA are indexed as (101)PLA and (203)PLA, and that for SGF is 

indexed as (002)SGF. The position of first peak is shifted to slightly higher angle in 

alkali treated fiber reinforced sample in both 5 and 10 wt%, indicating a decrease in 

interplanar spacing of PLA crystal. From the results, it is observed that the XRD values 

of the composites show the alkali treatment improves the crystallinity of fibers by 62%.  

Thus, it is clear that the intensity of the first and second peaks increases by fiber 

treatment, suggesting an increase in crystallinity of the modified composites. The 

results also suggest that a close packing takes place in the PLA crystal possibly by the 

crystal nucleation effect of cellulose molecules after removal of hemicellulose, lignin, 

pectin, etc. by different treatments. 

The maximum stress or the strength (σ) values for USGF, ALT-SGF, ACT-SGF and 

BCT-SGF are found to be 44, 73, 75.7 and 122 MPa, whereas the Young modulus (Y) 

values are measured to be 256, 693, 750 and 985 MPa, respectively. The values of σ 

and Y increase with the treatment of SGF. By chemical treatment, it is possible to 

eliminate waxy components from fibers, thereby producing a close packing of cellulose 

crystal, which may be responsible for higher σ and Y values. From mechanical tests, it 

is found that the highest σ and Y value of 122 and 985 MPa are obtained in the case of 

10 and 15 wt% BCT-SGF, respectively. 

From the statistical analyses, it is found that the strength of differently treated SGF is 

higher than that of USGF. Moreover, among the alkali treated SGF the highest strength 

is obtained 183.8 MPa for 5 wt% ALT-SGF followed by 10 and 15 wt% ALT-SGF. In 

addition, among the acetylated SGF the highest strength value is obtained 171.5 MPa 

for 5 wt% ACT-SGF followed by 15 and 10 wt% ACT-SGF. Among the benzoylated 
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SGF the highest strength value is obtained 251.2 MPa for 10 wt% BCT-SGF followed 

by 15 and 5 wt% BCT-SGF. However, the highest value among all samples is obtained 

251.2 MPa for 10 wt% BCT-SGF. 

On the other hand, in the case of PLAF and prepared composites, it is found that the 

compressive strength (CS) of the UFPC for 10 wt% fiber content is the least of value 

6.7 MPa. But the strength of UFPC contains 5 wt% fiber volume is 7.6 MPa, which is 

more than that of UFPC for 10 wt% fiber content. In the case of 5 wt% chemical 

concentration treated fiber reinforced composites, the highest CS value is found for 

5BCT-FPC having the value of 9.8 MPa for 10 wt% fiber content. In case of 10 wt% 

chemical concentration treated fiber reinforced composites, the highest strength is 

found for 10BCT-FPC having the value of 11.1 MPa for 10 wt% fiber content. In the 

case of 15 wt% chemical concentration treated fiber reinforced composites, the highest 

CS value is obtained 10.1 MPa for the sample 15BCT-FPC. So, the CS values of 

treated fiber reinforced samples are more than that of PLAF and UFPC. It is 

mentionable that the increase of treated fiber content is responsible to the increase of 

strength of the composites.  

Modifications of fiber surfaces by the earlier mentioned chemicals disrupt hydrogen 

bonding in the network structure, thereby increasing surface roughness. These 

treatments remove a certain amount of lignin, waxes, and hemicelluloses of the fiber 

cell wall. For this reason the diameter as well as the cross-sectional area of the single 

SGF decreases after modifications by chemical treatments.  

The porosity of PLA increases when it is made PLAF by melt compounding technique. 

Besides, a lot of flaws and voids are seen on the surface of PLAF. The images of UFPC 

show lot of weak interfaces, resulting poor adhesion between fiber and matrix. The 

micrographs of TFPCs show that the impact between PLA and SGF is improved to 

some extent. Here it is also clearly observed that the sample surface for 10 wt% SGF is 

smoother than that of 5 wt% SGF. Among all composites, the samples prepared by 10 

wt% treated fibers show better adhesion between fiber and matrix than that of the 

samples prepared by 5 wt% treated fibers, confirming that the increases of treated fiber 

volume improved the adhesion quality. It is also clearly seen that the interfacial 

adhesion between PLA matrix and SGF-powder of 10TFPCs are also found to be 

improved than that of 5TFPCs. 
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In thermal analyses of TGA, the on-set degradation for the SGF occurs at higher 

temperature, precisely after 250oC.The TGA sharp-fall occurs at different temperatures, 

depending on the samples. The highest To value is observed 307.7°C for the sample 10 

wt% BCT-SGF and the T50 value of the sample 10 wt% BCT-SGF is 355.7°C. These 

values are higher than that of any other sample, thereby indicating the fiber 10 wt% 

BCT-SGF is thermally more stable than others. The DTA curve shows that the 

exotherm occurs at relatively higher temperature for different TSGF than that of USGF.  

From the results of TGA, DTA and DTG of PLAF, UFPC and different TFPCs, it is 

clearly seen that the sample 10BCT-FPC is thermally more stable than others. From the 

results, the thermal stability of the benzoylated fiber reinforced composites is found to 

increase, showing the highest T50 value of 405.3oC for 10BCT-FPC. It is also clearly 

seen that the thermal stability of the treated fiber reinforced composites is found to 

increase by an amount of 15–30%. 

Antibacterial properties of materials were accounted by comparative analysis of viable 

cell count from treated and untreated composites by means of bactericidal behavior. We 

have found that the antibacterial activity has decreased with the treatment of SGF. It is 

observed that there is no zone of inhibition surrounded the sample disc. Moreover, the 

used chemicals couldn‘t import antimicrobial properties to the composites. So, none of 

the samples have any antibacterial effect on E. coli and S. aureus. 

For the observation of cytotoxicity, the samples 5ALT-FPC, 5ACT-FPC and 5BCT-

FPC were tested on Vero-cell (non-cancer cell) line. The results collected after 72 hrs 

from the time of sample placement. None of the samples show cytotoxic effect. 

5.2 Conclusions 

The surface modification by chemical treatments reduces the cementing components 

from fibers. FTIR spectra show that the chemical bondings are found to be changed 

more by the alkali treatment of SGF than other treatments. The X-ray intensity of the 

peak for (002) plane increases by treatment, suggesting an increase in crystallinity of 

the modified fibers. The mechanical property such as tensile strength () and tensile 

modulus (Y) of the TSGF is observed to be higher than those of USGF, suggesting 

better performance due to treatments of SGF. The statistical analyses by Weibull model 

confirm better mechanical properties for TSGF than USGF. The thermal stability of 

TSGF is observed to be higher than that of USGF. 
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Water absorption at room temperature is found for UFPC higher than that of PLAF and 

TFPCs. The chemical modifications of SGF have accelerated the degradation under soil 

of the composites, showing increased percentage of weight loss. The additional peak 

obtained by FTIR analyses for ACT-FPC and BCT-FPC demonstrates that the acetic 

anhydride and benzoyl chloride have interacted chemically with the SGF. The 

increased intensity of the XRD peak suggests an increase in crystallinity of the 

composites. Compressive strength of the composites increases by 10–35% with 

incorporation of treated fibers into the PLA matrix. The highest values of mechanical 

strength are found for BCT-FPC with 10 wt% fiber volume. Surface morphology of the 

samples show that the formation of voids within the PLA matrix is minimized by fiber 

treatment, indicating that after the treatment of SGF with chemicals, the interfacial 

adhesion between PLA and SGF is improved. The chemical treatment of SGF has 

increased the thermal stability of the composites. The highest value of thermal stability 

is found for BCT-FPC. The composites show no antibacterial activities, confirming 

degradable by bacteria or other micro-organs in environment. The composites also 

didn‘t show any cytotoxicity on vero cell (non-cancer cell) line, so that non-cancer cell 

will be grown and these are not harmful to use in human body for medical purposes. 

The composites, prepared by PLA and treated SGF, are biodegradable composites 

which can be used as substitutes of the non-degradable composite materials. 

5.3 Suggestions For Further Study 

The characterizations done in the present study represents structural, surface 

morphological, mechanical and thermal properties of both fibers and composites, and 

physical, antibacterial and cytotoxicity test were performed only for composites. The 

following mentioned future works are suggested to continue further research on present 

topics- 

 The nano-cellulose can be extracted from sponge-gourd fiber for prepared nano-

composites. 

 The atomic force microscopy (AFM) can be used to see the smoothness of the 

prepared composites. 

The XPS investigation should be carried out in order to see the bonding of different 

functionalities in the composites. It also can provide quantitative information of the 

functional groups present. 
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